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Life expectancy in the United States has never been 
longer in previous years than it was in.1981. Women could 
expect to live an average of 78.5 years and men, 71.1 years. 
The death rate has been declining at a rate of 2% per year 
over the last two decades primarily as a consequence of the 
decline in incidence of cardiovascular diseases, including 
coronary heart disease and cerebrovascular disease (stroke). 
As a group, however, cardiovascular diseases remain the 
primary cause of death in the United States, causing 51% of 
all deaths in 1981 (Kannel et al., 1984). It is clear that 
in spite of the decline in death rates in the past 20 years, 
cardiovascular diseases remain a critical component of our 
lives. 
The decline in cardiovascular deaths has come about, in 
part, as a result of changes in perception of the causes of 
the diseaseso Atherosclerotic cardiovascular disease was 
once regarded as an inevitable result of the aging process 
and genetic makeup. Epidemiologic studies have identified 
risk factors that are largely environmental in nature, 
suggesting that atherosclerotic processes can be 
substantially reduced, delayed, or even reversed in 
individuals. This epidemiological evidence is supported by 
a wealth of clinical and experimental observations in 
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animals and humans. Because of this evidence, concepts of 
normality have been altered so that what previously was 
considered to be an "optimal" level for a risk factor now is 
judged to be "normal". 
Assessment of one's risk of cardiovascular disease, 
thus, would seem to be rather straightforward. Much 
research has been devoted to establishing the relationships 
of various risk factors to cardiovascular disease, as 
mentioned above. The role of dietary variables, especially 
cholesterol and fat, as risk factors has been investigated 
extensively in humans as well as experimental animals; yet, 
conflicting results cloud the final incrimination of 
specific dietary variables as causative agents. Thus, in 
spite of numerous publications examining the relationship of 
dietary variables and cardiovascular diseases, underlying 
mechanisms needed to explain those relationships remain 
elusive. 
Previous studies have indicated that the type of 
dietary fat and protein influence cholesterol deposition in 
tissues of young, growing animals. Change in tissue 
cholesterol deposition as a result of dietary manipulation 
suggests that plasma cholesterol metabolism also may be 
influenced by type of dietary fat and protein. The 
experiments described in this dissertation were designed to 
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examine the effect of type of dietary fat and protein on 
cholestrol distribution in the plasma and tissues of pigs, 
as well as effects on cholesterol absorption, synthesis, and 
turnover in the whole pig. 
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REVIEW OF LITERATURE 
Domestic Pigs as Models 
Domestic pigs (Sus domesticus) have been used as model 
animals for biomedical research on human disease for more 
than twenty years (Dodds, 1982). Similarities of pigs to 
humans include physiological, anatomical, nutritional, and 
metabolic characteristics, making pigs suiteible for a wide 
range of studies (Dodds, 1982). Pigs are omnivorous and 
have digestive and cardiovascular systems similar to those 
of humans. Adipose tissue of pigs is similar to humans with 
regard to adipocyte size and body distribution of adipose 
tissue; accordingly, pigs have been used as models for study 
of human obesity (Houpt et al., 1979). Additionally, pigs 
have been used as model animals for research on 
hematological, cardiac, cardiovascular, immunological, and 
gastrointestinal diseases (Dodds, 1982). 
Practical considerations with pigs as model animals 
include cost of procurement, maintenance, and housing. Pigs 
are relatively large animals and can be difficult to handle. 
On the other hand, pigs are intelligent and easily tamed, 
which greatly eases some potential handling problems. The 
large size of pigs relative to other laboratory animals can 
be an advantage, especially when measurements requiring 
repeated sampling of blood or tissue are needed. 
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The use of pigs as model animals for atherosclerosis 
research has been reviewed by Vesselinovitch (1979). Pigs 
are capable of developing atherosclerotic lesions 
spontaneously (Gottlieb and Lalich, 1954; Skold and Getty, 
1961) or as a result of dietary manipulations (Rowsell et 
al., 1958; Reiser et al., 1959; Reitman et al., 1982). 
Fritz et al. (1980) determined that lesions so formed in 
swine are similar to those found in humans. Occlusive 
coronary heart disease, myocardial infarction, and sudden 
death have been produced in pigs by a combination of an 
atherogenic diet and X-irradiation (Lee et al., 1970). It 
should be noted that these advanced stages of 
atherosclerotic disease in pigs can be induced only when 
lipid metabolism is altered and (or) arterial injury occurs 
(Vesselinovitch, 1979). 
Regression of atherosclerosis in pigs has been shown, 
when pigs with advanced, complicated atherosclerosis 
produced by endothelial damage and a high-cholesterol, 
high-fat diet were switched to a low-cholesterol, low-fat 
diet, lesions regressed within 14 months (Daoud et al., 
1976; Fritz et al., 1981). From these studies, it seems 
that pigs are suitable model animals for research on 




Cholesterol in the intestinal tract arises from three 
sources: a) dietary cholesterol, b) biliary cholesterol, and 
c) sloughed mucosal cells. Cholesterol content in the adult 
American diet typically averages 400 to 500 mg/day, and 
biliary cholesterol outputs average from 800 to 1200 mg/day 
(Grundy, 1983). Thus, a normal healthy adult would have 
from 1200 to 1700 mg cholesterol/day in the intestinal tract 
to be absorbed or excreted. 
A large proportion of the dietary cholesterol is 
dissolved in triglyceride in the diet. Dietary cholesterol 
may or may not be esterified with long-chain fatty acids, 
but biliary cholesterol is completely unesterified (Grundy, 
1983). Cholesterol esters entering the intestinal lumen are 
deesterified rapidly by pancreatic cholesterol esterase 
(Treadwell and Vahouny, 1968). Because free cholesterol and 
other lipids in the lumen are relatively insoluble in the 
aqueous environment of the intestine, they must be 
solubilized before absorption can occur (Clark and Harries, 
1975). This is accomplished by formation of micelles 
approximately 3 to 10 nm in diameter primarily as a result 
of the presence of bile salts. The bile salt micelles 
contain fatty acids, mono-, di- and triglycerides; free 
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cholesterol; and phospholipids, primarily lecithin (Clark 
and Harries, 1975). 
Bile salts are formed by the reaction of a base (most 
commonly taurine and glycine) with the carboxyl group of a 
bile acid (Clark and Harries, 1975). The molecular 
structure of a bile salt is such that it has a strongly 
hydrophobic end and an equally strong hydrophilic end (Carey 
and Small, 1972). Bile salts, therefore, are extremely 
effective in solublizing lipids in aqueous solutions. At 
low concentrations, bile salts exist as monomers, but above 
a concentration known as a critical micellar concentration, 
they spontaneously form micelles (Carey and Small, 1972). 
The micelles formed are spherical, with a nonpolar interior 
and a polar exterior, making them soluble in aqueous 
solutions. 
Absorption of cholesterol and other lipids by intestinal 
mucosal cells is facilitated by bile salt micelles. The 
particle size of micelles (3 to 10 nm in diameter) allow 
them to pass into the microvillar spaces (50 to 100 nm). 
The region adjacent to the microvillus is characterized by a 
thin layer of fluid that cannot be mixed with the contents 
of the intestinal lumen. This layer is the unstirred water 
layer. Bile salt micelles can diffuse slowly through the 
unstirred water layer because of the hydrophilic exterior 
8 
and, thus, be in close proximity to microvilli. Absorption 
of cholesterol and other lipids in the bile salt micelle 
occurs by passive diffusion from the micelle and into the 
microvillus (Westergaard and Dietschy, 1976). The bile salt 
micelle, depleted of lipids, diffuses back into the lumen 
and can be metabolized or used to form new lipid-containing 
micelles. 
In the microvillus, cholesterol rapidly is reesterified. 
The reesterification process is thought to regulate, in 
part, the rate of cholesterol absorption by establishing a 
concentration gradient across the mucosal membrane 
(Westergaard and Dietschy, 1976). Absorbed lipids, 
including free and esterified cholesterol, plus specific 
proteins are packaged in chylomicrons and, to a lesser 
extent, very-low-density lipoproteins (VLDLs) (Glickman, 
1980). Chylomicrons and VLDLs are released from mucosal 
cells, diffuse into the lacteals, and eventually enter the 
lymphatics, completing the absorption process of lipids. 
Estimations of the percentage of dietary cholesterol 
that is absorbed by humans range from 20% (Grundy and 
Ahrens, 1969) to 30% (Mok et al., 1979) when measured by 
using radiotracers. Several factors could decrease real or 
apparent absorption of cholesterol. A relatively low pool 
size of bile acids could decrease absorption (Siperstein et 
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al., 1952). An increase in the rate of intestinal transit 
time would decrease the time a given substance could be 
absorbed. Type of diet ingested (e.g., low-fat diet) may 
reduce the quantity of fatty acids available for micelle 
formation (Grundy, 1983). A condition resulting in a 
deficiency of cholesterol reesterification in the mucosal 
cell also could decrease the amount of cholesterol absorbed 
(Mok et al., 1979). 
Dietary cholesterol absorption also may be affected by 
the amount of biliary cholesterol released into the 
intestine. Evidence shows that cholesterol of endogenous 
origin (biliary cholesterol) competes with cholesterol of 
exogenous origin (dietary cholesterol) for absorption 
(Grundy and Mok, 1977). Input rates of biliary cholesterol 
are variable but average about twice those for dietary 
cholesterol on a day-to-day basis (Grundy and Metzger.. 
1972). Biliary cholesterol may be absorbed more efficiently 
than dietary cholesterol as a result of differences in the 
physical state of the molecules. Dietary cholesterol must 
be digested and converted to a micellar state before 
absorption, but biliary cholesterol enters the intestine 
already in micellar form. The result may be a greater 
absorption of biliary cholesterol as compared with dietary 
cholesterol (Samuel and McNamara, 1983). 
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Species of animals differ in their ability to absorb 
cholesterol and other lipids (Thomson et al., 1983). 
Inherent differences in the structure of intestinal mucosal 
membranes seem to be responsible for much of the variation 
among species regarding cholesterol absorption. Villus 
structural differences could alter the pathways of 
absorption as well as the rate of absorption of cholesterol 
and other lipids (Thomson et al., 1983). Pigs have the 
ability to absorb cholesterol in a manner similar to that of 
humans. Kim et al. (1974, 1975) and Dupont et al. (1974) 
determined cholesterol absorption in swine to be somewhat 
slower than in humans or rats, but mechanistically similar. 
Similar results were obtained by Aigueperse et al. (1981b), 
who also reported cholesterol aibsorption in pigs to occur in 
the first half of the small intestine. Humans also absorb 
cholesterol primarily in the first half of the small 
intestine (Treadwell and Vahouny, 1968). Pigs absorb 
dietary cholesterol with approximately the same efficiency 
as humans, based upon results of Aigueperse et al. (1981b) , 
Kim et al. (1974), and Dupont et al. (1974). The values for 
the different experiments range from 41% to 51% of total 




Virtually every mammalian cell, with the possible 
exception of the mature red blood cell, is capable of 
synthesizing cholesterol (Sêibine, 1977) . In the adult 
human, the liver is the predominant site of synthesis, 
followed closely by the intestine (Dietschy and Wilson, 
1970a). Other organs, such as skin, adrenal glands, testes, 
heart, aorta, and kidneys, also contribute to total 
cholesterol synthesis in varying degrees (Rao and 
Ramakrishnan, 1982). Adipose tissue is of minor 
significance in most animals but is a major source of 
cholesterol in obese humans (Angel and Bray, 1979). 
Together, the liver and intestinal tract account for 
approximately 97% of total cholesterol synthesis in adult 
squirrel monkeys (Dietschy and Wilson, 1970a). 
The synthetic pathway from acetyl coenzyme A (acetyl 
CoA) to cholesterol is outlined in most biochemistry 
textbooks (e.g., Martin et al., 1983). Acetate serves as 
the major carbon source of acetyl CoA in most animals, but 
long-chain fatty acids, glucose, citrate, ketone bodies, and 
amino acids also can contribute carbons for acetyl CoA 
formation. The committed step in cholesterol synthesis is 
considered to be the conversion of g-hydroxy-B 
-methylglutaryl coenzyme A (HMG-CoA) to msvalonate, which is 
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catalyzed by HMG-CoA reductase (EC 1.1.1.34). 
HMG-CoA reductase is considered to be the major 
regulatory enzyme in cholesterol biosynthesis (Dietschy and 
Brown, 1974). Scallen and Sanghvi (1983) reviewed the 
regulation of HMG-CoA reductase. Briefly, HMG-CoA reductase 
is activated by dephosphorylation whenever intracellular 
cholesterol concentrations reach a minimum. Likewise, when 
there is excess intracellular cholesterol, phosphorylation 
of HMG-CoA reductase occurs, effectively shutting down 
cholesterol synthesis. This regulation of HMG-CoA reductase 
provides a short-term mechanism for intracellular 
cholesterol homeostasis (Scallen and Sanghvi, 1983). 
Phosphorylation of HMG-CoA reductase may be the 
mechanism by which dietary cholesterol inhibits hepatic 
cholesterolgenesis (Scallen and Sanghvi, 1983). Siperstein 
and Guest (1960) demonstrated that cholesterol feeding has a 
direct effect on the conversion of HMG-CoA to mevalonate, 
suggesting a negative feedback mechanism involving HMG-CoA 
reductase. The presence of a feedback mechanism has been 
supported by others (Gould and Swyryd, 1966; Dietschy and 
Wilson, 1970a). The actual mechanism by which dietary 
cholesterol would be able to elicit a phosphorylation 
reaction and, thus, inhibit hepatic cholesterolgenesis 
remains to be determined. In contrast, rates of intestinal 
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cholesterolgenesis seem not to be supressed by cholesterol 
feeding (Dietschy and Wilson, 1970a; Taylor and Ho, 1967). 
Hepatic cholesterolgenesis also may be regulated by the 
enterohepatic circulation of bile acids. Bile acids 
secreted into the intestine are reabsorbed almost completely 
(Grundy, 1983). Interruption of the normal recirculation of 
bile acids alters the rate of hepatic cholesterol synthesis; 
that is, removal of bile from the enterohepatic circulation 
leads to increased cholesterolgenesis (Myant and Eder, 
1961). This and other evidence have led to the hypothesis 
of a direct feedback mechanism in the liver whereby bile 
acids are able to regulate cholesterolgenesis (Dietschy and 
Wilson, 1970a). 
Other data indicate, however, that the concept of direct 
feedback control of cholesterol synthesis by bile acids is 
not correct. Siperstein (1960) demonstrated that pure 
conjugated bile acids do not inhibit cholesterolgenesis in 
liver slices in vitro. An increase in cholesterol synthesis 
in the liver was observed by Boyd et al. (1966) when the 
bile duct was obstructed and concentrations of bile acids in 
blood and liver were elevated. These experimental results 
provide strong evidence for an indirect effect of bile acids 
on cholesterolgenesis in the liver. Because bile acids are 
necessary for cholesterol absorption (Siperstein et al., 
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1952) and for delivery of intestinal cholesterol to the 
lymph system (Wilson and Reinke, 1968), the size of the bile 
acid pool indirectly could alter the rate of hepatic 
cholesterol synthesis. 
Intestinal cholesterolgenesis, however, is inhibited by 
the presence of bile acids. Whole bile, depleted of its 
bile acid content, is incapable of inhibiting intestinal 
cholesterol synthesis. It is not known if the effect of 
bile acid on intestinal cholesterolgenesis is a direct 
effect or if it is analogous to the situation in the liver. 
Cholesterolgenesis in the liver and other tissues may be 
regulated by receptor-mediated lipoprotein uptake (Brown and 
Goldstein, 1976) . Cholesterol released intracellularly as a 
result of the metabolism of low-density lipoproteins (LDLs), 
which were internalized by way of the LDL receptor 
mechanism, can inhibit HMG-CoA reductase (Dietschy et al=f 
1983) The relative importance of cholesterolgenesis in 
supplying the cholesterol required by cells of different 
organs was discussed by Dietschy et al. (1983) . When rate 
of cholesterol synthesis was compared to rate of cellular 
uptake from lipoproteins, the authors concluded that cells 
will alter the rate of cholesterolgenesis to seet cellular 
requirements. If cholesterol synthesis cannot meet these 
needs, rates of LDL-cholesterol uptake or of cholesterol 
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storage as cholesterol esters may be altered (Dietschy et 
al., 1983). 
Few data are available concerning cholesterol synthesis 
in the pig. Weinstein et al. (1976) examined 
cholesterolgenesis in cultured smooth muscle cells from 
swine aorta. Cholesterol synthesis was suppressed by 
incubation of the cells in the presence of free cholesterol,, 
whole serum, LDL, or VLDL. These results mimic those 
observed with human skin fibroblasts. 
Cholesterol transport 
The lipoprotein transport system carries two classes of 
hydrophobic lipids: a) triglycerides and b) cholesteryl 
esters. Trigylcerides are carried to adipose tissue and 
muscle, where fatty acids are stored or oxidized for energy. 
Cholesteryl esters are transported to all cells where 
cholesterol is used as a structural component of plasma 
membranes, or provides for synthesis of steroid hormones and 
bile acids (Brown et al., 1981). Transport of trigylcerides 
and cholesteryl esters involves formation of a lipoprotein 
particle containing a hydrophobic core surrounded by a 
surface monolayer of polar phospholipids. The surface coat 
also contains some unesterified cholesterol and specific 
proteins called apolipoproteins (Brown et al., 1981). 
Lipoproteins usually are classified according to their 
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densities and can be divided into at least four classes; 
chylomicrons, VLDLs, LDLs, and high-density lipoproteins 
(HDLs). Very-low-density lipoproteins are responsible for 
transport of about 15% of the total plasma cholesterol in 
humans; LDL carry approximately 65%, and HDL carry nearly 
20% of the total plasma cholesterol (Thompson and Bortz, 
1978). 
Dietary cholesterol enters the lipoprotein transport 
system in the fora of chylomicrons by way of the lymph as 
described in the previous section. Chylomicrons are the 
largest lipoproteins and also have the greatest 
concentration of triglyceride (Brown et al., 1981). Because 
of their large size, chylomicrons must be metabolized in the 
bloodstream without crossing the endothelial barrier. This 
is accomplished by binding to lipoprotein lipase (LPL)(EC 
3.1.1.3), an enzyme fixed to the luminal surface of 
capillaries of peripheral tissues. Activation of LPL is 
initiated by an apoprotein (apoC-II) contained in the 
chylomicron, and chlyomicron triglycerides are hydrolyzed by 
LPL, releasing free fatty acids (FFA) and monoglycerides 
(Redgrave, 1970). The FFA enter adjacent cells for 
oxidation or storage (Havel et al., ISSO). 
Endogenous cholesterol enters the lipoprotein transport 
system by way of secreted VLDLs, which has a fate similar to 
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that of chylomicrons (Miller, 1979). Liver is responsible 
for formation of VLDL, a lipoprotein smaller than a 
chylomicron (30 to 80 nm in diameter) and has more 
cholesterol and less triglyceride than do chylomicrons 
(Scanu and Landsburger, 1980). Very-low density 
lipoproteins released into circulation from the liver 
interact with LPL in capillaries of peripheral tissues, 
releasing most of their triglyceride. 
As triglyceride is lost from the chylomicrons and VLDLs, 
lipoproteins begin to shrink in size. Excess surface 
material, consisting primarily of free cholesterol and 
phospholipids, is transferred to HDL, where free cholesterol 
is esterified by lecithin-cholesterol acyltransferase (LCAT) 
(EC 2.3.1.43)(Brown et al., 1981). The depleted 
chlyomicron, known as a chylomicron remnant, is released 
from the capillary wall and travels to the liver^ 
Chylomicron remnants are rich in cholesteryl ester and 
retain surface apoproteins (apoB and apoE), which allow the 
remnants to bind to a hepatic receptor. The remnants are 
internalized, and the cholesteryl ester is hydrolyzed, 
transesterified, and stored or incorporated into other 
lipoproteins (Bcyd, IS75). 
The depleted VLDL particles are converted into 
intermediate-density lipoproteins (IDLs) (Srown et al.. 
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1981). Cholesteryl esters of HDL, formed as a result of the 
action of LCAT as mentioned previously, are transferred back 
to IDL particles by a plasma cholestryl ester exchange 
protein (Fielding and Fielding, 1980). The net result of 
lipolysis and cholesterol exchange reactions is the 
replacement of most of the triglyceride core of VLDL with 
cholesteryl ester (Brown et al., 1981). The IDL is released 
from the capillary wall, and further lipolysis and removal 
of all apoproteins except apoB result in the conversion of 
IDL to LDL. The site of the final conversion of IDL to LDL 
is unknown, but it may occur in liver sinusoids (Deckelbaum 
et al., 1979). The LDLs are removed from circulation by a 
receptor-mediated process in liver and peripheral tissues 
(Goldstein and Brown, 1974). Receptors for LDLs are present 
in all body tissues with the exception of nervous tissue 
(Miller, 1979). 
Plasma LDL also can be degraded by macrophages of the 
reticuloendothelial system (Goldstein and Brown, 1977). 
Although less efficient, this mechanism operates at 
significant levels when LDL concentrations are elevated. 
When macrophages become loaded with cholesteryl esters, they 
are converted into "foam cells", a classic component of 
atherosclerotic plaques (Brown et al., 1981). In humans, 33 
to 66% of plasma LDLs are metabolized by way of the 
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receptor-mediated pathway; the remainder is degraded by 
macrophages (Goldstein and Brown, 1977). 
The HDLs are a heterogenous class of lipoproteins and 
arise from several sources, primarily the liver and 
intestine (Mahley et al., 1984). The HDL or HDL precursors 
also may be produced in the plasma compartment during 
lipolytic processing of chylomicrons (Tall and Small, 1978). 
The HDL, the smallest of the lipoproteins (8 to 12 nm in 
diameter), are thought to be involved in a process referred 
to as reverse cholesterol transport (Myant, 1982). Reverse 
cholesterol transport involves a pathway whereby HDLs 
acquire cholesterol from peripheral tissues to effect 
transport of cholesterol to the liver for excretion (Mahley, 
1982). 
Lipoprotein metabolism has been well characterized in 
humans and laboratory animals but less well characterized in 
swine. Comparative studies have demonstrated, however, 
similarities in the distribution, characteristics, and 
composition of swine and human plasma lipoproteins. Chapman 
(1980) reviewed work examining lipoproteins of several 
animal species, and Fidge (1973) characterized swine 
lipoproteins specifically. Density profiles and cholesterol 
concentrations of serum lipoproteins of 14 species of 
domestic and laboratory animals were compared by Terpstra et 
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al. (1982a). Data indicated that cholasterol distribution 
in swine plasma lipoproteins were most similar of the 
species examined to those of humans, although total 
cholesterol concentration in swine was considerably less 
than human. The LDLs were observed to be major carriers of 
serum cholesterol in both swine and humans, in contrast to 
other species (Terpstra et al., 1982a). Swine LDL has two 
subclasses, designated LDL^ and LDL2 (Janado et al., 1966), 
while human LDL typically is a single class. Human HDL, 
however, has several well-characterized subclasses in 
contrast to swine and other species, which have only one HDL 
fraction (Terpstra et al., 1982a). 
Receptors for LDLs have been shown to exist in swine 
tissue. Bachorik et al. (1982) demonstrated the presence of 
LDL receptors in cultured porcine hepatocytes. Hepatocytes 
were found to contain two distinct receptors for 
lipoproteins; one similar or identical to the LDL receptors 
in peripheral tissues and another capable of binding LDL and 
HDL. The second type of receptor may be responsible for HDL 
uptake and degradation in swine (Bachorik et al., 1982). 
Cholesterol storage and utilization 
Cholesterol is found in greatest concentration in the 
soft tissues of the body, such as the adrenal glands and 
nervous tissue (Sabine, 1977). Because of differences in 
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mass of different tissues, the greatest absolute emounts of 
cholesterol are found in skeletal muscle, nervous, 
connective, and adipose tissues. Human skeletal muscle is 
capable of storing significant amounts of cholesterol and 
normally contains approximately 21% of the total body 
cholesterol (Kahn et al., 1963). Nervous and connective 
tissues both contain approximatly 22% of the total body 
cholesterol and together with skeletal muscle account for 
65% cf total body cholesterol (Kcihn et al., 1S63) . 
It is adipose tissue that is most likely to vary in mass 
among individuals and contains one of the largest pools of 
cholesterol in the body (Farkas et al., 1973). Unlike other 
cells, adipocytes contain cholesterol dissolved in a central 
lipid droplet and store cholesterol in the unesterified form 
(Miettinen and Tilvis, 1981). Cholesterol concentration in 
adipose tissue is correlated more closely to plasma 
cholesterol concentration than to dietary cholesterol 
content (Krause et al., 1979). In times of energy 
deprivation, the triglyceride store of adipose tissue is 
used for energy, and cholesterol is mobilized at the same 
time. If there is sufficient depletion of triglyceride, 
elevation of plasma cholesterol concentration is possible 
(Angel and Farkas, 1974). Likewise, an increase in plasma 
cholesterol concentration can lead to increased adipose 
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tissue cholesterol concentration (Sabine, 1977) 
Differences exist in other tissues in cholesterol 
storage. Liver especially is sensitive to alterations in 
cholesterol content, and actually stores cholesterol in 
esterified form when cholesterol is fed in the diet (Krause 
et al., 1979). Ho et al. (1974) examined the effect of 
duration of exposure of tissues to elevated serum 
cholesterol concentration in several tissues in rabbits. 
Each tissue was found to be affected differently by serum 
cholesterol content. Total cholesterol accumulation and 
storage form of cholesterol were different in various 
tissues of cholesterol-fed pigs, probably because of 
differences in the activities of acyl cholesteryl 
acyltransferase (ACAT)(EC 2.3.1.26), which esterifies tissue 
cholesterol (Heller, 1983) 
Cholesterol storage in tissues also varies among 
species. Ho and Taylor (1968) compared cholesterol 
concentrations in tissues of four species: the dog, rat, 
rabbit, and prairie dog. Data indicate similarities in the 
amount of cholesterol of some tissues exist, but responses 
of tissue cholesterol to prolonged cholesterol feeding were 
not consistent among species. In swine, accumulation of 
tissue cholesterol was related directly to increased body 
size of growing pigs (Marsh et al., 1972). Kim et al. 
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(1974) demonstrated decreased plasma and tissue cholesterol 
concentrations in swine fed cholestyramine and clofibrate; 
the most dramatic decrease occurred in liver cholesterol 
concentration in response to drug treatment. 
In vivo cholesterol turnover rates were measured in 15 
tissues of adult sows (Aigueperse and Chevallier, 1982). 
Based on relative rates of free cholesterol exchange with 
the plasma, tissues could be separated into four classes. 
Liver and lungs had the fastest exchange rate; bone marrow 
and adrenal glands had the second most rapid rate of 
exchange? brain and spinal cord had a very slow exchange 
rate; the rest of the tissues had intermediate rates of 
exchange. These results are consistent with other studies 
with swine (Marsh et al., 1972), rats (Chevallier and 
Giraud, 1966), and humans (Chobanion and Hollander, 1962). 
Chemically, cholesterol is present predominantly either 
as free or esterified cholesterol, although a small fraction 
also may be sulfated or otherwise conjugated (Sabine, 1977). 
Cholesterol sulfate is metabolically active and is taken up 
by hair, spleen, intestine, kidney, heart, testes, and 
erythrocytes (Hochberg et al., 1974). 
In most tissues, cholesterol within the cell is 
contained in or associated with cellular membranes, with the 
exception of adipose tissue, as previously mentioned 
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(Miettinen and Tilvis, 1981). Cholesterol in membranes 
exerts a significant effect on the mobility or fluidity of 
phospholipids in the membrane (Lucy, 1974). Hydrocarbon 
chains of phospholipids .are relatively rigid or gel-like 
below a "transition" temperature; cholesterol added in this 
situation increases the flexibility of the hydrocarbon chain 
(Sabine, 1977). Likewise, when phospholipids are above 
transition temperatures, cholesterol in the membrane reduces 
flexibility. The transition temperature of a phospholipid 
depends upon the head group, hydrocarbon chain length, and 
degree of fatty acid saturation; it is possible, therefore, 
for cholesterol to exert both types of changes in fluidity 
in biological membranes with different phospholipids 
(Oldfield and Chapman, 1972). 
Cholesterol in cellular membranes not only alters 
fluidity but also alters permeability and electrical and 
metabolic activities. Depletion of the cholesterol content 
of erythrocytes from humans, pigs, and cattle results in 
increased permeability to glycerol, acetate, and propionate 
(Grunze and Deuticke, 1974) and in increased osmotic 
fragility (Bruckdorfer et al., 1969). Cholesterol seems to 
increase electrical resistance of ner^/e membranes 
(Papahadjopoulos et al., 1971); this is important in 
conduction of nerve impulses along the axons. Protein 
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synthesis has been shown to rely on cholesterol duringthe 
binding of aminoacyl-tRNA to ribosomes (Hradec, 1972) and 
peptide chain elongation (Hradec et al., 1974). Cholesterol 
in membranes also may affect ability of a membrane to fuse 
with another. Membrane fusion is important for processes 
such as fertilization, cell division, protein secretion, and 
lysosomal digestion (Lucy, 1974). Cholesterol added to cell 
cultures reduced the capacity of some but not all types of 
cells to fuse (Papahadjopoulos et al., 1973). 
Excretion and catabolism 
Loss of cholesterol from the body occurs as fecal bile 
acids and neutral sterols, with additional losses occurring 
from metabolism of cholesterol to steroid hormones, 
desquamation of skin and hair, and elimination in urine and 
milk (Dietschy and Wilson, 1970b). The ring structure of 
cholesterol is not oxidized for energy in mammalian cells, 
although the original structure may become altered 
dramatically in the course of excretion and catabolism. 
Saibine (1977) estimates daily cholesterol excretion in a 
lactating human as follows; fecal bile acids, 600 mg/day; 
fecal neutral sterols, 500 mg/day; steroid hormones, 40 
mg/day; skin losses, 80 mg/day; milk losses, 80 mg/day; and 
urinary losses, 1 mg/day. 
Conversion of cholesterol to bile acids occurs primarily 
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in the liver (Salen and Shefer, 1983), although some 
synthesis of bile acids can occur in peripheral tissues (Oh 
and Dupont, 1975). Humans synthesize two primary bile 
acids, cholic and chenodeoxycholic, which can be conjugated 
with either glycine or taurine to yield four primary bile 
salts (Sabine, 1977). Cholesterol of endogenous origin is 
converted to both primary bile acids at similar rates,, but 
exogenous cholesterol is converted to chenodeoxycholic acid 
more readily than cholic (Ayaki et al., 1981). In swine, 
chenodeoxycholic and hyocholic are the primary bile acids 
(Goswami and Dupont, 1982). 
Primary bile salts are secreted into the intestine in 
bile, which also contains free cholesterol, phospholipids, 
and other compounds (Carey and Small, 1970). In the distal 
intestine of humans, primary bile salts are deconjugated and 
transformed by microorganisms into secondary bile acids, 
deoxycholic and lithocholic. Swine microorganisms transform 
hyocholic acid into hydeoxycholic acid (Goswami and Dupont, 
1982). 
As previously mentioned, enterohepatic circulation of 
bile acids results in the majority of bile acids being 
reabsorbed and returned to the liver. Efficiency of bile 
acid recirculation is such that only a small daily turnover 
of bile acids through the intestine and into the feces 
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occurs (Dietschy and Wilson, 1970b). Fecal bile acids are 
excreted in the acid sterol fraction of the feces. 
Bile acid metabolism is subject to a number of controls. 
The reader is referred to general biochemistry textbooks for 
details concerning biochemical pathways of bile acid 
synthesis. Diurnal rhythms, feedback mechanisms, hormones, 
and diet composition are capable of influencing metabolism 
of bile acids (Sabine, 1977). Diurnal rhythms affect bile 
acid synthesis by altering 7-a-hydroxylase (EC 1.14.13.7), 
probably by light-cycle effects on corticosterone 
concentrations in plasma (Gielan et al., 1975). Dietary 
fiber is thought to increase bile acid excretion, but 
results are not consistent, because type of fiber and type 
of diet fed with the fiber seem important in determining the 
effect on bile acid excretion (Sabine, 1977). Dietary 
cholesterol fed to dogs and rats increases bile acid 
excretion (Wilson, 1964). Humans are unable to increase 
bile acid synthesis in response to increased dietary 
cholesterol; hence, humans excrete unabsorbed dietary 
cholesterol as neutral steroids (Quintao et al., 1971). 
Unabsorbed dietary cholesterol is eliminated as fecal 
neutral steroids, which also contains endogenous cholesterol 
from bile and intestinal mucosal cells, and microbial 
derivatives of endogenous and exogenous sterols in the 
28 
intestinal limen (Ferezou et al., 1981). The most common 
steroid compounds produced during intestinal transit are 
coprostanol and coprostanone (McNamara et al., 1981). The 
amount and composition of fecal neutral steroids are 
influenced by several dietary factors, including amount and 
type of dietary sterols, and by dietary effects on bacterial 
population of the intestine. Species differences also exist 
in production of neutral steroids, primarily a result of 
differences in bacterial population (Dietschy and Wilson, 
1970b). 
Cholesterol also is eliminated from the body by 
conversion to steroid hormones, although the amount lost by 
this mechanism is relatively small. Synthesis of steroid 
hormones occur primarily in the adrenal cortex, testis, 
ovary, and placenta in humans (Briggs and Brotherton, 1970). 
The bulk of steroid hormones are excreted in the urine after 
degradation and also in feces, often as sulfates or 
glucuronides (Sabine, 1977). 
Other routes of cholesterol or cholesterol intermediates 
loss from the body include desquamated cells, fallen hair, 
sweat, and sebaceous secretions, with most loss occurring in 
the form of squalene rather than cholesterol (Nikkari et 
al., 1974). Urinary cholesterol originates from endogenous 
cells of the urogenitial tract rather than from kidney 
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stores of cholesterol (Cenedella and Belis, 1981). 
Milk cholesterol arises from mammary gland cholesterol 
synthesis, synthesis elsewhere in the body, and dietary 
cholesterol. Concentrations of cholesterol in milk vary 
among nonprimate species and can range from 12 mg/100 ml in 
horse milk to 145 mg/100 ml in pig milk (Sabine, 1977). 
Human milk contains 10 mg cholesterol/100 ml, and human 
colostrum contains twice the amount that human milk contains 
(Macy and Kelly, 1961). 
Steroid excretion in swine has been examined by several 
researchers. Dupont et al. (1974) measured cholesterol and 
bile acid turnover in miniature pigs and concluded that 
minipigs were suitable models for examining cholesterol 
turnover. Marsh et al. (1972) studied the effects of three 
diets on steroid excretion in swine. Pigs fed a mash diet 
or a high-fat milk diet containing equivalent amounts of 
cholesterol had similar neutral and acidic steroid secretion 
into the intestine. In the same study, however, 
reabsorption of both types of steroids was greater in pigs 
fed the high-fat milk diet, indicating milk-fed pigs had 
less total excretion of steroids than did mash-fed pigs. An 
increase in bile acid and neutral steroid excretion occurred 
in pigs given the drug cholestyramine but not in pigs given 
clofibrate (Kim et al.. 1974). The authors concluded that 
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the hypocholesterolemic action of cholestyramine probably is 
a result of the effect of cholestyramine on steroid 
absorption and excretion. 
Aigueperse et al. (1981a, 1981b) determined the 
composition and origin of neutral steroids in adult sows. 
When sows were fed cholesterol, cholesterol was the major 
sterol in the small intestine, but 10 to 40% was converted 
to coprostanol and, to a lesser degree, epicoprostanol in 
the cecum. Of 392 mg of fecal neutral steroids excreted per 
day, 34 mg was unabsorbed dietary cholesterol, 234 mg was 
cholesterol excreted by way of liver and bile, and 125 mg 
was cholesterol secreted by the intestine (Aigueperse et 
al., 1981a). 
Effect of Dietary Components on Cholesterol Metabolism 
Dietary Cholesterol 
Effects of dietary cholesterol on plasma cholesterol 
concentration, cholesterol metabolism, and atherosclerosis 
has been investigated extensively and has been hotly debated 
since Stuckey (1912) observed lesions in aortas of rabbits 
fed different diets and concluded that a nonprotein 
component common to egg yolk and ox brain was the 
atherogenic agent. 
Response to dietary cholesterol is variable within a 
species. Some individuals within a species respond to 
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dietary cholesterol by increasing plasma cholesterol 
concentrations and some do not (Eggen, 1974; Mistry et al., 
1981). McGill (1979), in a review of the relationship of 
dietary cholesterol to serum cholesterol and 
atherosclerosis, concluded that, as dietary cholesterol 
intake of adult humans increased from 0 to 600 mg/day, serum 
cholesterol concentration also increased. Individual 
responses were highly variable and, when cholesterol intake 
was increased above 600 mg/day, most people in the study 
failed to exhibit a concomitant increase in serum 
cholesterol. 
Species differences also exist in response to dietary 
cholesterol. Cholesterol added to standard laboratory 
ration or to a semipurified diet produces 
hypercholesterolemia in rabbits, chickens, and some species 
of primates (Kritchevsky, 1983). Rabbits can develop plasma 
cholesterol concentrations of 1000 mg/dl or greater because 
cholesterol absorption far exceeds excretion (Wang et al., 
1957). Cholesterol fed to rats, however, fails to elicit a 
hypercholesterolemic response; rats can compensate for 
increased cholesterol absorption by increasing bile acid 
synthesis and secretion (Wilson, 19S4) and by decreasing 
cholesterol synthesis (Morris et al., 1957). 
Mechanisms responsible for the relatively small increase 
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in human plasma cholesterol concentration in response to 
increased dietary cholesterol intake have been investigated. 
Borgstrum (1969) determined cholesterol absorption was not 
limited when large amounts of cholesterol were fed, as 
proposed by earlier work of Wilson and Lindsey (1965). As 
much as 1 g of cholesterol could be absorbed per day by 
patients consuming up to 3 g per day (Quintao et al,, 1971). 
In contrast to the rat, bile acid synthesis and excretion 
were not increased in humans fed large amounts of dietary 
cholesterol (Quintao et al., 1971). Humans compensate for 
increased dietary cholesterol by depressing cholesterol 
synthesis and by increasing reexcretion of biliary 
cholesterol and fecal neutral steroids excretion (Quintao et 
al., 1971). Cholesterol accumulation in body pools occurred 
in those patients who were unable to compensate for 
increases in dietary cholesterol intake by feedback 
inhibition of cholesterol synthesis (Quintao et al., 1971); 
it is important to note that the authors stress the 
individuality of the response to increases in dietary 
cholesterol intake. More recent studies indicate that 
compensation for increased cholesterol consumption in humans 
occurs primarily from suppressed cholesterol synthesis and 
that increased bile acid and fecal neutral sterol excretion 
are secondary mechanisms (Maranhac and Quintao, 1SS3). 
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Reiser et al. (1959) studied the effects of feeding 
high- or low-fat diets supplemented with cholesterol to 
pigs. In addition to developing hypercholesterolemia, pigs 
fed high-fat diets had depressed cholesterol synthesis and 
excreted less bile acids and neutral steroids than did pigs 
fed low-fat diets. The authors concluded that 
hypercholesterolemia was a result of an increase in 
absorption of cholesterol and bile acids, coupled with 
insufficient compensation by depression of cholesterol 
synthesis. In the same study, pigs fed low-fat diets 
supplemented with cholesterol had inefficient absorption of 
dietary cholesterol (4.7%); thus, the low-fat diet did not 
alter significantly the cholesterol content or metabolism in 
the body. Marsh et al. (1972) also demonstrated the effect 
of feeding cholesterol to pigs. Diets containing large 
amounts of fat greatly enhanced cholesterol absorption and 
also depressed cholesterol synthesis. 
Changes in lipoproteins can be induced by cholesterol 
feeding. Diets high in saturated fat and cholesterol 
increase HDL with apoE (also called HDLQ) and LDL and causes 
the appearance of a cholesterol-rich lipoprotein with 
S-electrophoretic mobility (g-VLDL) ("ahley, ISS2). 
Terpstra and Beynen (1984) studied changes in lipoprotein 
density profiles of rabbits, calves, mice, chickens, rats. 
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guinea pigs, and humans fed a hypercholesterolemia diet. 
Chickens and rats had an increase in VLDL and IDL particles 
that was accompanied by a decrease in LDL and HDL. Dietary 
cholesterol induced an increase in HDL-cholesterol 
concentration in humans, calves, and guinea pigs. The 
g-VLDL was observed to be formed in rabbits and rats fed 
dietary cholesterol. Rabbits had the greatest increase in 
LDL particles and the greatest decrease in HDL particles in 
response to cholesterol feeding. 
Dietary cholesterol also induces changes in density 
profiles of swine lipoproteins. Beynen et al. (1984) 
examined sera of pigs fed semipurified diets with or without 
added cholesterol. Cholesterol feeding increased LDL, IDL, 
and VLDL cholesterol concentrations in Yorkshire pigs but 
not in minipigs in the same study (Beynen et al., 1984). In 
general, changes in swine lipoproteins that accompany 
cholesterol feeding include: a) appearance of 6-VLDL, b) an 
increase in IDL and LDL, and c) appearance of HDLQ (Kahley 
et al., 1975; Reitman and Mahley, 1979). Plasma of humans 
fed cholesterol also contains HDLc (Mahley, 1978), and 
g-VLDL is similar to a B-migrating lipoprotein found in 
plasma of humans with type III hyperlipoproteinemia (Mahley 
et al., 1975). Changes in swine lipoproteins, therefore, 
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are similar to changes seen in humans in response to dietary 
cholesterol. 
Dietary fat 
Since the early 1950s, many studies have examined the 
effect of amount or type of dietary fat on cholesterol 
metabolism and the development of atherosclerosis. 
Replacement of animal fat in the diet with fat from plant 
sources was first shown to decrease plasma cholesterol 
concentration by Groen et al. (1952) and Kinsell et al. 
(1952). The cause-and-effect relationship between dietary 
fat and atherosclerosis remains controversial and much 
discussed (Epstein, 1983). There is general agreement among 
researchers, however, that dietary polyunsaturated fatty 
acids (PUFAs) decrease plasma cholesterol concentrations 
when compared with dietary saturated fats. The specific 
effects and mechanism of action of dietary fat on plasma 
lipids and lipoproteins remains an active area of research. 
Several studies have found dietary fat to have an effect 
on cholesterol synthesis, structure, and metabolism of 
lipoproteins, cholesterol absorption, tissue cholesterol 
content, turnover rates of cholesterol, and excretion of 
bile acids as well as on plasma cholesterol concentrations. 
Dietary stearate was observed to increase hepatic 
cholesterol synthesis in rat livers more than did other 
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fatty acids (Ide et al., 1978). Hillmar et al. (1983) 
examined the effect of a number of different fatty acids on 
cholesterol synthesis by cultured rat hepatocytes. Only 
oleate and arachidonate stimulated cholesterol synthesis and 
increased HMG-CoA concentration; linoleate, linolenate, 
palmitate, stearate, and octanoate had no significant effect 
on cholesterol synthesis in this system. 
In humans, indirect measurements of cholesterol 
synthesis indicate that polyunsaturated and saturated fats 
have similar effects in normolipidemic (Nestle et al., 1974) 
and hypercholesterolemic subjects (Grundy and Ahrens, 1970). 
Goodnight et al. (1982), in a review of the effects of PUFAs 
on plasma lipids, cholesterol metabolism, and cardiovascular 
function, conclude that polyunsaturated fats do not lower 
plasma cholesterol concentrations in humans by decreasing 
cholesterol synthetic rates. 
Jackson et al. (1984) studied the effects of varying 
PUFA/saturated fatty acid (P/S) ratios on plasma lipids, 
lipoproteins, and apoproteins in humans. As P/S increase, 
HDL-cholesterol, LDL-cholesterol, and apoA-1 concentrations 
were decreased. Previous studies support decreased 
LDL-cholesterol concentrations in response to increased 
dietary PUFA (Grundy and Ahrens, 1970), but the effects of 
dietary PUFA on HDL-cholesterol concentration seem to be 
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less consistent. Some research shows that HDL-cholesterol 
decreases as PUFA in the diet increases (Schaefer et al., 
1981; Vega et al., 1982), and others report no change 
(Schwandt et al., 1982; Stein et al., 1982) or an increase 
in HDL-cholesterol concentrations (Brussaard et al., 1980). 
Dietary fat affects the efficiency of cholesterol 
absorption as mentioned in the previous section. Reiser et 
al. (1959) examined the effects of feeding a high- or 
low-fat diet on cholesterol metabolism in pigs, when pigs 
were fed a low-fat diet, cholesterol absorption was reduced 
significantly. The authors concluded that pigs fed low-fat 
diets did not become hypercholesterolemic even when fed 
cholesterol because of inefficient absoirption of dietary 
cholesterol. Feldman et al. (1979) reported that if 
cholesterol is fed simultaneouly with saturated fat, 
cholesterol absorption in rats is restricted compared with 
cholesterol absorption when dietary cholesterol is fed with 
polyunsaturated fats. This restriction in cholesterol 
absorption may be the result of a modification of the lipid 
composition of the intestinal mucosal cells that changes the 
absorptive surface (Sugano et al., 1984). Goodnight et al. 
(1982), however, concluded that there is no direct evidence 
for polyunsaturated fats to enchance cholesterol absorption 
in humans. 
38 
Dietary fat has varied effects on tissue cholesterol 
concentrations. Swine consuming unsaturated fat had greater 
concentrations of hepatic cholesterol than did swine fed 
saturated fat, but concentrations of cholesterol in coronary 
arteries were similar (Reiser et al., 1959). In contrast, 
Elson et al. (1981) fed seven different mixtures of 
polyunsaturated and saturated fats to swine and observed 
that the proportions of fat had little or no effect on 
cholesterol concentrations in heart, liver, or aorta. Pigs 
fed soy- or beef-based diets (containing both fat and 
protein from those sources) had similar hepatic cholesterol 
concentrations, but viscera, aorta, carcass, and whole body 
cholesterol concentrations were greater in soy-fed pigs 
(Walsh et al., 1983). Forsyth© et al. (1980) also found 
that dietary polyunsaturated fats tended to increase 
cholesterol concentration in liver and aorta of pigs. A 
number of experiments with animal species other than pigs 
also have demonstrated greater cholesterol deposition in 
animals fed polyunsaturated rather than saturated fat. 
Species include calves (Jacobson et al., 1974; Barrows et 
al., 1980; Richard et al., 1980), rabbits (Richard et al., 
1982), rats (Awad, 1981)and squirrel monkeys (Lofland et 
al., 1970). 
Few data are available concerning the effect of dietary 
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fat on cholesterol turnover rates. Reiser et al. (1966) 
examined the influence of dietary fat on transport of 
endogenous and exogenous cholesterol by plasma lipoproteins 
and turnover rates of the lipoproteins in rats. After rats 
were given an oral dose of radioactively labelled 
cholesterol, the half-life of cholesterol in tissues was 
determined. Dietary saturated fat increased the half-life 
of cholesterol in tissues when compared to polyunsaturated 
fat. Dietary fat had no effect on serum cholesterol 
turnover rates (Reiser et al., 1966). In addition, 
polyunsaturated fats decreased the amount of time required 
for exogenous cholesterol to reach a maximum in tissues, 
while saturated fats increased the time to the "tissue 
maximum" (Reiser et al., 1966). These data support results 
indicating enhanced cholesterol absorption when animals are 
fed polyunsaturated fats, as discussed previously. 
Dietary fat may influence excretion of bile acids and 
fecal neutral steroids. Humans fed PUFAs excreted greater 
amounts of neutral steroids than did humans fed saturated 
fats (Grundy, 1975). In reviewing studies examining the 
effects of dietary fat on steroid excretion, Jackson et al. 
(1968) concluded; that given the variability between 
individuals, most normal humans will increase steroid 
excretion when fed polyunsaturated fat compared with 
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saturated fat. Swine fed com oil or beef tallow had 
increased secretion of bile and fecal neutral steroid 
excretion; fecal bile acid excretion was increased only when 
com oil was fed (Cevallos et al., 1979). The authors 
further stated dietary polyunsaturated fat could interfere 
with bile acid reabsorption and, thus, could be the 
mechanism of the hypocholesterolemic action of 
polyunsaturated fats. 
Dietary protein 
In 1908, Ignatowski fed adult rabbits a diet consisting 
only of meat and found that they developed nephritis, liver 
cirrhosis, and atherosclerosis. This early nutritional 
study in experimental atherosclerosis stimulated further 
nutritional experiments, which have become the basis of 
current research on dietary influences on atherosclerosis. 
Many reviews exist that summarize past and present research. 
Gibney and Kritchevsky (1983) summarized the effects of 
animal and vegetable proteins on lipid metabolism and 
atherosclerosis. Other reviews include those by Carroll and 
Hamilton (1975), Carroll (1982), and Terpstra et al., 
(1983) . 
Species differences exist as to the response to type of 
dietary protein. When dietary animal protein is compared 
with dietary vegetable protein, hypercholesterolemia occurs 
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in rabbits (Huff and Carroll, 1980; Terpstra et al., 1981), 
rats (O'Brien and Reiser, 1982; Tanaka et al., 1983), swine 
(Forsythe et al., 1980; Williams et al., 1985), and chickens 
(Hevia and Visek, 1979). Mice did not develop 
hypercholesterolemia in response to different types of 
dietary protein (Weinans and Beynen, 1983); guinea pigs also 
are reported to have little or no cholesterolemic response 
to different dietary proteins (Terpstra et al., 1982c) 
Studies of the effect of dietary protein sources on 
plasma cholesterol concentrations in humans have been 
inconsistent. Wiebe et al. (1984) examined the effect of 
beef and plant proteins on blood lipids in normolipidemic 
men. Although HDL-cholesterol concentrations were increased 
when beef was the protein source, total plasma cholesterol 
concentrations were similar in both groups (Wiebe et al., 
1984). Carroll et al. (1978) reported a 5% decrease in 
plasma cholesterol concentrations in normolipidemic women 
who consumed soy protein. Hypercholesterolemic patients, 
however, had a more marked decrease in plasma cholesterol 
concentrations than did normolipidemic patients when fed soy 
protein diets (Sirtori et al., 1977). 
It is interesting to note that a number of authors, when 
discussing the results of experiments to determine the 
effects of animal and vegetable proteins on plasma 
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cholesterol concentrations, state that studies with humans 
have been controlled poorly and cite this as a reason for 
conflicting results. Other authors point to the 
heterogeneity of the human population as a reason for lack 
of consistency. Still others have more concrete reasons for 
the differing effects of dietary proteins on plasma 
cholesterol concentrations in humans and animal models. 
Carroll (1978) suggested that the effects of dietary protein 
may be influenced by nonprotein constituents of the diet. 
Likewise, Kritchevsky (1979) stressed the interaction of 
different dietary constituents in influencing 
cholesterolemia and atherosclerosis. Dietary protein may 
interact with dietary fiber (Hamilton and Carroll, 1976; 
Kritchevsky et al., 1977)., dietary carbohydrates (Hamilton 
and Carroll, 1976; Hevia et al., 1979), and dietary lecithin 
(Jenkins et al., 1983), which can change the effect that 
dietary protein has on plasma cholesterol concentrations. 
Huff et al. (1977) postulated that differences in amino 
acid composition could be responsible for the different 
cholesteroleaic effects of animal and vegetable proteins, 
when rabbits were fed L-amino acid mixtures equivalent to 
casein or soy protein isolate, serum cholesterol was 
elevated slightly in rabbits fed soy protein isolate mixture 
(Huff et al.. 1977). In the same experiment, rabbits also 
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were fed semi-purified diets containing casein or soy 
protein isolate, enzymatic hydrolysates of casein or soy 
protein, or the corresponding amino acid mixtures. Casein-
or casein hydrolysate-fed raibbits had greater plasma 
cholesterol concentrations than did rabbits fed soy diets. 
Based on these results, the authors concluded that factors 
other than amino acids alone contribute to the 
cholesterolemic effect. 
Kritchevsky (1979), however, believed that specific 
amino acids could be responsible for the cholesterolemic 
effects of dietary proteins. Lysine and arginine, he 
hypothesized, are present in different ratios in the two 
proteins, and perhaps the lysine to arginine ratio affects 
how the protein alters cholesterol concentrations in plasma. 
In a series of experiments, his research group compared the 
atherogenic effects of casein, soy protein, casein + 
arginine, and soy protein + lysine. When results from the 
experiments were combined, addition of lysine to soy protein 
diets in amounts to equal lysine amounts in casein diets 
resulted in increased plasma cholesterol concentrations and 
atherogenicity of that diet; arginine added to casein diets 
did not affect cholesterolemia but did decrease severity of 
atherosclerosis when compared with casein diets without 
added arginine. 
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Additional research has been done testing the lysine to 
arginine ratio theory. Hevia and Visek (1979) and Hevia et 
al. (1980) found decreased plasma HDL and increased LDL and 
hepatic lipids in rats fed 5% L-lysine. When 1% arginine 
was added to the diets, however, no effects were evident. 
Sugano et al. (1982) and Mokady and Liener (1982) have 
demonstrated that supplementation of casein and soy protein 
diets with lysine and arginine does not alter the 
cholesterolemic effect of the dietary protein. Clearly, 
additional research must be done to ascertain the role of 
the lysine to arginine ratio, if any, in the cholesterolemic 
effects of dietary protein. 
Amino acids other than lysine and arginine have been 
investigated as possible agents by which dietary protein 
exerts a cholesterolemic effect. Terpstra et al. (1983) 
summarized experiments with methionine, cystine, glutamic 
acid, and histidine. Serougne and Rukaj (1983) examined the 
effect of tryptophan supplementation on plasma cholesterol 
concentrations of rats. Effects of glycine and alanine 
supplementation on cholesterolemia and atherosclerosis in 
rabbits were studied by Katan et al. (1982). In summary, 
data from experiments with amino acids demonstrate that 
specific amino acid content of dietary proteins plays a role 
in determining cholesterolemic and atherogenic effects of 
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that protein, but it is not possible to localize the effects 
to any specific amino acid. 
Conclusive evidence as to the mechanisms involved in the 
cholesterolemic effects of dietary protein is lacking, 
despite considerable amounts of knowledge concerning the 
effects of dietary protein. Possible mechanisms are 
reviewed by Carroll and Hamilton (1975). Kritchevsky (1979), 
Terpstra et al. (1983), and Sugano (1983). These reviews 
should be read for details concerning possible mechanisms of 
cholesterolemic effects of dietary protein. 
Fumagalli et al. (1978) observed increased fecal 
excretion of neutral steroids but not of acidic steroids in 
rats fed soybean meal as compared with casein. Nagata et 
al. (1981) also reported an increase in fecal neutral 
steroid excreted in rats fed soy protein isolate that was 
accompanied by an increase in bile acid excretion. Terpstra 
and Sanchez-Muniz (1981) observed that soy protein exerted 
its cholesterol-lowering action within 24 hours after the 
ingestion of semipurified diets by rabbits. These results 
have led to speculation that slower digestion of soy 
protein, as reported by Roy and Schneeman (1981), may 
interfere with bile acid reabsorption and lead to increased 
excretion in the feces (Terpstra et al., 1983). Carroll 
(1981) supports this theori' and further suggests that 
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partially digested protein results in products that 
sequester cholesterol and (or) bile acids in the intestine, 
thus preventing reabsorption. 
Rats fed diets containing amino acid mixtures equivalent 
to casein and soy protein had decreased rates of cholesterol 
absorption, increased steroid excretion, and increased 
plasma cholesterol turnover rates (Nagata et al., 1932). 
The soy protein-equivalent diet also reduced hepatic 
cholesterolgenesis. The authors concluded that both 
increased excretion and decreased synthesis are responsible 
for hypocholesterolemic effect of intact soy protein, but, 
when amino acid mixtures were fed, the decreased 
cholesterolgenesis primarily was responsible. In contrast, 
Reiser et al. (1977) found greater hepatic HMG-CoA activity 
in rats fed intact soybean protein than in those fed casein. 
The increased hepatic cholesterolgenesis in soy-fed rats may 
be related to the decreased cholesterol absorption; thus, 
little or no feedback inhibition of sterol synthesis would 
be occurring. 
Dietary protein type and amount influence plasma 
lipoprotein composition. Experiments have shown increases 
in cholesterol concentration occur in VLDLs and LDLs 
(Terpstra and Sanchez-Muniz, 1981; Aviram et al., 1982? 
Carroll et al.; 1979). Terpstra and Sanchez-Muniz (19S1) 
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observed increases in lipoprotein cholesterol within one day 
of feeding semipurified diets. The relative content of LDL, 
IDL, and VLDL fractions varied during the course of the 
experiments, indicating that cholesterol metabolism was 
altered by dietary protein (Aviram et al., 1982). 
In rats and humans, increases in plasma cholesterol in 
subjects fed casein occurred in LDLs and VLDLs (Terpstra et 
al., 1982b; Holmes et al., 1980). An additional study with 
humans (van Raaij et al., 1332), however, failed to show 
differences in lipoprotein cholesterol concentration in 
subjects fed animal or plant proteins. Yet, another study 
by Wiebe et al. (1984) showed an increase in HDL cholesterol 
concentrations in men eating animal protein diets compared 
with plant protein diets. Rhesus monkeys fed casein had 
greater total plasma cholesterol concentrations in contrast 
to those fed soy protein, but lipoprotein profiles were 
similar (Terpstra et al., 1981). From these conflicting 
data, it is evident that species differences exist in 
response of lipoproteins to dietary protein. 
Apoprotein production and (or) metabolism may be altered 
by dietary protein. Increases in apoE in VLDL and IDL and 
apoC in VLDL of rabbits fed casein diets have been reported 
(Roberts et al., 1981; Scholz et al., 1982), suggesting that 
altered rates of apoprotein transfer occur between VLDL and 
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HDL. Nagata et al. (1981) demonstrated that soy protein fed 
to rats decreased apoA. and increased apoB when compared with 
casein-fed rats. In general, the type of protein affects 
the rate of apoprotein turnover, with soy protein increasing 
turnover rate as compared with casein (Roberts et al., 
1981). From these observations, Roberts et al. (1981) 
suggested that the effects of dietary protein on plasma 
cholesterol concentration may be secondary to their effects 
on the concentration and metabolism of apoproteins. 
Few data are available on the effects of dietary protein 
on cholesterol content of tissues. Nagata et al. (1981) 
reported increases in hepatic cholesterol in rats fed casein 
compared with those fed soy protein. Likewise, casein-fed 
rabbits have increased concentrations of cholesterol in the 
liver in contrast to soy-fed rabbits (Terpstra et al., 
1982b). Cholesterol concentration of rat adipose tissue was 
not altered by dietary protein (Nagata et al., 1981). 
Sugano (1983), in his review, suggested amino acids or 
peptides released by digestion of protein could alter the 
hormonal status of the animal. Specifically, he discussed 
lysine and arginine and their effects on insulin and 
glucagon secretion and their ultimate effect on lipid 
metabolism. While only a hypothesis, he concluded that "it 
is at least conceivable that changes in hormonal status may 
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serve as a trigger for the alteration of lipid metabolism 
and thereby the reduction of plasma lipid levels and the 
degree of atheregenesis." 
Dietary soy protein also is known to have a 
hypocholesterolemic effect in swine. Kim et al. (1983) have 
reviewed the effects of dietary casein and soy protein on 
cholesterol metabolism in pigs. Kim et al. (1978. 1980) 
demonstrated that young male Yorkshire pigs fed casein had 
greater plasma cholesterol concentrations than did those fed 
soy protein when the diets also contained 42% of the 
calories from fat and 1055 mg of cholesterol. When casein 
or soy protein was fed to pigs in a low-fat, 
cholesterol-free diet, however, plasma cholesterol 
concentrations were not altered (Kim et al., 1980). When 
casein and soy protein were mixed to a 1:1 ratio in the 
high-fat, high-cholesterol diets, pigs had plasma 
cholesterol concentrations that were intermediate to those 
of pigs fed similar diets containing only soy or casein 
protein. Thus, dietary soy protein does seem to decrease 
plasma cholesterol concentrations in swine as in other 
experimental animals. 
The amount of protein in the diet also may affect plasma 
cholesterol concentrations. Casein produced greater 
hypercholesterolemia when greater amounts were fed in the 
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diet (Kim et al., 1983). When soy protein amounts were 
increased from 10 to 20% of calories, however, there was not 
a corresponding "dose" response of cholesterol-lowering (Kim 
et al., 1983). 
By using cholesterol balance techniques, studies on the 
hypocholesterolemic mechanisms of soy protein in pigs were 
conducted by Kim et al. (1974,- 1975, 1983). To summarize 
these studies, results show that: a) fecal neutral steroid 
2nd acidic steroid excretion was increased in pigs fed soy 
protein diets when compared with pigs fed casein diets; b) 
tissue cholesterol concentrations reflected plasma 
cholesterol concentrations; c) whole-body cholesterol 
synthesis and hepatic HMG-CoA reductase activity were 
similar in both dietary groups ; and d) cholesterol 
absorption was not altered significantly by type of dietary 
protein. Based on these results, the authors concluded 
that, in pigs, the hypocholesterolemic effect of soy protein 
is a result of increased fecal steroid excretion. However, 
Kim et al. (1983) stressed the need for further 
investigation into changes in cholesterol absorption as 
compared with changes in cholesterol excretion as mechanisms 
for the cholesterolemic effect of dietary protein. 
Other researchers have investigated the effects of 
dietary proteins cn plasma and tissue cholesterol 
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concentration in pigs. Forsythe et al. (1980) found that 
feeding animal protein to young, growing swine led to 
greater plasma cholesterol concentrations, greater 
HDL-cholesterol concentrations, and reduced LCAT activity 
when compared with pigs fed plant proteins. Julius et al. 
(1982) found greater cholesterol deposition in livers, as 
well as lower plasma cholesterol concentrations.- of young 
pigs fed milk formula diets containing soy protein isolate 
than in those fed formula diets containing only milk 
protein. In contrast, Richard et al. (1983) showed no 
differences in plasma or lipoprotein cholesterol 
concentrations but lower liver cholesterol concentrations 
when young pigs were fed liquid formula diets containing soy 
protein than in those fed formula containing casein. 
Wiggers et al. (1980), Walsh et al. (1983), and 
Diersen-Schade (1964) have compared the effects -- feeding 
young growing swine beef-based and soy-based diets. In 
general; these experiments have shown soy-based diets fed to 
pigs increase tissue cholesterol concentration and decrease 
plasma cholesterol concentration, although dietary protein 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation has been prepared according to the 
alternate dissertation format as described in the Iowa State 
University Graduate College Thesis Manual. Use of this 
format involves the presentation of two or more sections, 
each of which is in a form suitable for publication in a 
scientific journal. Four independent papers have been 
prepared from the data collected from research performed in 
partial fulfillment of the requirements for the Ph.D. 
degree. A general summary and conclusions follow the 
papers. 
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SECTION I. EFFECT OF ANIMAL AND VEGETABLE FATS AND PROTEINS 
ON DISTRIBUTION OF CHOLESTEROL IN PLASMA AND 
TISSUES OF YOUNG GROWING PIGS 
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ABSTRACT 
Yoxang, growing pigs were fed diets containing either 
soy protein isolate or ground beef as the main protein 
source and soybean oil or beef tallow as the main fat source 
to examine effects of these diets on cholesterol 
concentration in blood plasma, plasma lipoproteins, and body 
tissues and on tissue and carcass composition. Diets 
contained approximately .09% cholesterol and were isocaloric 
and isonitrogenous. Body weights at the end of the 8-week 
feeding period were similar for all pigs. Significant 
effects of type of dietary fat but not of dietary protein, 
however, were observed. Pigs fed tallow had greater 
cholesterol concentrations than did pigs fed soybean oil. 
Likewise, LDL- and HDL-cholesterol concentrations became 
greater in tallow-fed pigs. The HDL to LDL ratios were not 
altered by type of- dietary fat or protein. Cholesterol 
concentrations were greater in heart and skeletal muscle of 
pigs fed soybean oil than in those fed tallow. Livers of 
tallow-fed pigs had significantly greater amounts of lipid 
than did soybean oil-fed pigs. Increased tissue cholesterol 
of soybean oil-fed pigs is probably an attempt to maintain 
membrane integrity because of changes in fluidity resulting 
from increased unsaturation of membrane lipids. Soy protein 
isolate failed to enhance the hypocholestarclsmic effects of 
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soybean oil; likewise, ground beef did not exaggerate the 
hypercholesterolemic effects of tallow. 
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INTRODUCTION 
Comparative effects of saturated and polyunsaturated 
fats on plasma cholesterol concentrations have been 
investigated in numerous species, including calves (Jacobson 
et al., 1974), goats (Diersen-Schade et al., 1984), pigs 
(Forsythe et al., 1980; Walsh et al., 1983; Diersen-Schade 
et al., 1986), rats (Feldman et al., 1979), rabbits (Richard 
et al., 1982), and humans (Jackson et al., 1984). It is 
generally accepted that dietary saturated fats produce 
hypercholesterolemia and that polyunsaturated fats have a 
hypocholesterolemic effect in most species studied. Dietary 
saturated fat also has been shown to increase low-density 
lipoprotein (LDL) cholesterol concentrations in some, but 
not all, species mentioned cibove. The degree of the 
cholesterolemic effect is varied, and seems to be dependent 
upon dietary components in addition to type of fat. 
Dietary protein has been suggested to exert a modifying 
effect upon the cholesterolemic response to type of dietary 
fat. Protein from plant sources enhances the 
cholesterol-lowering effect of dietary polyunsaturated fats 
(Forsythe et al., 1980). Other researchers have shown plant 
proteins to be less hypercholestsrolemic than animal 
proteins (Terpstra et al., 1984; Williams et al., 1985). 
Still others have shown no differences in the 
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cholesterolemic effect of animal and plant proteins (Wiebe 
et al., 1984; Weinans and Beynen, 1983). 
Data from studies with saturated and polyunsaturated 
fats, and with animal and vegetable protein also indicate 
dietary components can alter tissue cholesterol content 
(Walsh et al., 1983; Diersen-Schade et al., 1984; 
Diersen-Schade et al., 1986). It is impossible to pinpoint 
the dietary cause (fat or protein) for alterations of tissue 
cholesterol content. The alterations in plasma cholesterol 
concentrations and distribution between lipoprotein 
fractions also cannot be attributed to specific dietary 
factors. This experiment, therefore, was designed to 
separate the effects of dietary fat from those of dietary 
protein on cholesterol distribution in plasma and tissues of 
pigs. 
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MATERIALS AND METHODS 
Animals 
Twenty-four crossbred male pigs, six-weeks of age, were 
randomly allotted to the four diets (6 pigs/diet) shown in 
Table 1. Pigs were housed individually in wire pens on 
expanded steel platforms in a temperature controlled barn. 
Water was available ad libitum through automatic nipple 
waterers. Diets were essentially isonitrogenous and 
isocaloric as fed to littermate pairs. Pigs were weighed 
weekly and feed intake adjusted, with the soy diets being 
fed at 4.7% of body weight on a dry matter (DM) basis to 
make up for the slightly less caloric density than beef 
diets, which were fed at 4.5% of body weight. 
Diets 
Dietary ingredients are shown in Table 1. Soy protein 
isolate and soybean oil contributed the major portion of 
plant protein and fat, respectively, and ground beef and 
beef tallow contributed the majority of animal protein and 
fat, respectively. The ground beef was 2.2% fat on an 
as-fed basis. The polyunsaturated to saturated fat ratios 
for all diets are given in Table 2. 
Crystalline cholesterol vas added to all diets so that 
total cholesterol intake equaled 31 mg per kg body weight 
daily. The soybean oil-soy protein isolate (SS) diet was 
Table 1. Ingredient composition of diets^ 
Diet 
Ingredient 
Ground shelled corn 







Trace mineral salt^ 





SS SB TS TB 
6 0 . 5 3  
1 6 . 2 0  
1 5 . 6 0  
1 . 7 0  
. 0 7  
1.80 
. 8 2  
. 7 8  
. 0 7  
.10 
.  0 5  
1 . 5 0  
. 2 8  
-% of dry matter-
5 8 . 4 3  
2 0 . 0 0  
1 5 . 6 0  
. 0 7  
1.80 
. 8 2  
. 7 8  
. 0 7  
.10 
1 . 5 5  
. 2 8  
6 0 . 5 7  
16.20 
1 7 . 3 0  
. 0 3  
1.80 
. 8 2  
. 7 8  
. 0 7  
.10 
. 0 5  
1 . 5 0  
. 2 8  
5 8 . 4 7  
2 0 . 0 0  
1 5 . 6 0  
. 0 3  
1.80 
. 8 2  
. 7 8  
. 0 7  
.10 
1 . 5 5  
. 2 8  
Chromic oxide .50 .50 .50 .50 
^Abbr.: SS = soybean oil + soy protein isolate; SB = soybean oil + ground beef 
TS = tallow + soy protein isolate; TB = tallow + ground beef. 
^Supro 620, Ralston Purina Co., St. Louis, MO. 
3prielen Meats, Des Moines, lA. 
^Edsoy, Staley Mfg. Co., Decatur, IL, donated through the courtesy of 
T. Bossier. 
^Beef tallow was prepared by Iowa State University Meats Laboratory. 
^Crystalline cholesterol was obtained from J. T. Baker Co., Phillipsburg, NJ. 
^DycAlden Phosphate, Iowa Limestone Co., Des Moines, lA. Guaranteed analysis: 
phosphorus, not less than 18.50%; calcium, not more than 23.00% and not less than 
19.00%; fluorine, not more than 0.185%. 
®Fre-Flo Alden Ground Limestone, Iowa Limestone Co., Des Moines, lA. 
Guaranteed analysis: calcium carbonate, not less than 98.00%; calcium, not more 
than 39.60% and not less than 39.20%. 
^Hardy Trace Mineiral Salt, Hardy Salt Co., St. Louis, MO. Guaranteed 
analysis: zinc, not less than 0.350%; manganese, not less than 0.200%; iron, not 
less than 0.200%; copper, not less than 0.030%; cobalt, not less than 0.005%; 
iodine, not less than 0.007%; salt, not less than 96.00% and not more than 98.50%. 
Ingredients; sodium chloride, zinc oxide, manganous oxide, ferrous carbonate, 
ferrous sulfate, copper oxide, calcium iodate, cobalt carbonate, red iron oxide 
(for color only), mineral oil, and anethol. 
lOccc Swine Trace Mineral Premix, Iowa State University Swine Nutrition Group, 
Ames, lA. Contains 20% zinc, 10% iron, 5.5% manganese, 1.1% copper, and 0.15% 
iodine. Ingredients: zinc sulfate, ferrous sulfate, manganese oxide, iron oxide 
(color), copper oxide, calcium iodate, and calcium sulfate. 
^^Iowa State University Swine Nutrition Group, Ames^ lA. Provides .1 ppm 
selenium when added at 0.05% of the diet. 
P. Feeds Stress Mate, Protein Blenders, Inc., Iowa City, lA. Guaranteed 
analysis (per lb.): 500,000 USP units Vitamin A, 100,000 USP units vitamin D3, 
îiOO lU vitamin E, 4 mg vitamin Big, 1500 mg D-calcium pantothenate, 500 mg ribo­
flavin, 3000 mg niacin, 30,000 mg choline chloride, 400 mg vitamin K (MSEC), 
20 mg folic acid, 1 mg biotin, 11.340 mg L-lysine, 226 mg iodine, 100 mg thiamine, 
100 mg pyridoxine, 9,525 mg D-L-methionine. Ingredients: Vitamin A acetate, 
D-activated animal sterol (source of D3), dl-alpha tocopheral acetate (source of 
vitamin E), vitamin Hi2 supplement, riboflavin supplement, D-calcium pantothenic 
acid, niacin, choline chloride, menadione sodium bisulfite complex, folic acid, 
biotin, L-lysine, ethylene diamine dihidriodide, thiamine mononitrate, pyridoxine 
HCl, DJj-methionine, inositol, manganous oxide, iron sulfate, magnesium oxide, iron 
carbonate, copper oxide, cobalt carbonate, zinc oxide, sulfur, calcium carbonate, 
dried extracted streptomyces fermentation residue, corn distillers dried grains, 
corn distillers dried solubles, condensed fermented corn extractives, condensed 
whey solubles, roughage products and mineral oil. 
l^American Cyanamid Co., Wayne, NJ. Contains chlortetracycline calcium complex 
equivalent to 20 g chlortetracycline hydrochloride, 4.4% Sulmet® sulfamethazine, 
and 10 g/lb penicillin (from procaine penicillin). Ingredients: dried Streptomyces 
aureofaciens fermentation produce, calcium carbonate, and calcium sulfate. 
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balanced for the small amount of tallow contained in the 
soybean oil-beef (SB) diet. All diets were formulated to 
meet or exceed recommendations of the National Research 
Council (1979) for growing swine weighing 10-20 kg. All 
diets were supplemented with the antibiotic Aureo SP®250 . 
Chromic oxide was added to all diets at .5% during week 5 as 
a marker for determining digestibility. 
Nutrient composition and daily intake of diets are 
given in Table 2. Weekly samples of diets were collected 
and lyophilized, flushed with N^/ and stored at -20° C until 
analyzed. Gross energy of diets was determined by bomb 
calorimetry (Parr Oxygen Bomb Calorimeter Model 1231, Parr 
Instrument Co., Inc., Moline, IL). Protein content of feed 
samples was determined by using the Kjeldahl method (N x 
6.25; Association of Official Analytical Chemists, 1975). 
Total lipids were determined gravimetrically after 
extraction with 1:2:0.8 (v:v:v) choloroform:methanol:water 
(Bligh and Dyer, 1959). Cholesterol content of the diets 
was determined by using a Technicon Auto Analyzer (Technicon 
Instruments Corp., Chauncey, NY) according to the procedure 
suggested by Technicon (1965). Chromium concentration was 
determined by atomic absorption spectroscopy (Perkin-Elmer 
460 Atomic Absorption Spectrometer, Perkin-Elmer Corp., 
Table 2. Intake and nutrient composition of diets^ 
Diet 
Component 
Dry matter (DM), % 
Intake, g DM/kg day 
Gross energy, Kcal/kg DM 
Protein, % DM 
Fat, % DM 




































^Abhr.s SS = soybean oil 4- soy protein isolate; SB = soybean oil + ground 
beef ; TS = tallow + soy protein isolate; TB = tallow + ground beef. 
^Polyunsaturated fat to saturated fat ratio (w/w), based on fatty acid 
composition of soybean oil and beef tallow. 
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Norwalk, CT) after digestion by nitric and perchloric acids 
(Johnson and Ulrich, 1959). 
Plasma, Fecal, and Tissue Analyses 
Prior to initial feeding of experimental diets and at 
weekly intervals throughout the 8-week experimental period, 
blood samples were collected from the retroorbital sinus 
(Riley, 1960) 6 to 8 hours postfeeding. Blood was collected 
into 12-ml centrifuge tubes with disodium 
ethylenediaminetetraacetate (EDTA) (15 mg/10 ml blood) as an 
anticoagulant. Plasma was recovered by centrifugation at 
7700 X 2 for 20 minutes at 4° C (Sorvall RC2-B, Ivan 
Sorvall, Inc., Norwalk, CT) and was stored at -20° C until 
assayed. 
Additional blood was collected initially and at weeks 4 
and 8 for lipoprotein fractionation by using preparative 
ultracentrifugation (Spinco Model L2-50,- Beckman 
Instruments, Fullerton, CA; Havel et al., 1955). 
Cholesterol concentrations in the plasma, chylomicron plus 
very-low-density lipoprotein (VLDL; d < 1.006), low-density 
lipoprotein (LDL; 1.006 < d < 1.063), high-density 
lipoprotein (HDL; 1.063 < d < 1.21) and HDL infranatant (d < 
1.21) were determined enzymatically (Centrifichem Test for 
quantitative determination of cholesterol. Union Carbide 
Corp., Rye, NY; Allain et al., 1974). 
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During the seventh week, fecal samples were collected 
for a 5-day period and pooled for each pig. Pooled fecal 
samples then were flushed with N2 and frozen at -20° C until 
lyophilyzed. Total fecal lipids were determined 
gravimetrically by extraction with 1:2:0.8 (v:v:v) 
chloroform:methanol:water (Bligh and Dyer, 1959) after 
conversion of fatty acid salts to protonated fatty acids 
with 8 N HCl (Association of Official Analytical Chemists, 
1975). Ash content of fecal samples was determined by 
combustion for 8 hours at 600° C in a muffle oven 
(Association of Official Analytical Chemists, 1975). 
Protein, gross energy, and chromium contents of fecal 
samples were determined in the same manner as for diet 
samples. 
During the eighth week of the experimental period, pigs 
were stunned by electric shook and killed by exsanguinaticn. 
Carcasses were eviscerated, the viscera (stomach, 
intestines, spleen, and pancreas) were stripped of ingesta 
and flushed with water. Carcasses were split 
longitudinally; the spinal cord and brain was removed, 
combined, and subsampled for analyses. Viscera and right 
half carcass were each frozen, ground (model 4046 grinder, 
Hobart Mfg. Co., Troy, OH) and subsampled for analyses. 
From the left half carcass, samples of longissimus muscle 
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and subcutaneous adipose tissue (shoulder area), and 
perirenal adipose tissue were removed. Samples were taken 
from heart and from the right medial lobe of liver. Aortas 
were removed, stripped of exterior fat, and split in half 
longitudinally. One half was fixed in 10% formalin and 
later stained for fatty deposits with Sudan IV (Holman et 
al., 1958). The remaining half and all other tissues 
sampled were lyophilyzed and stored at -20° C after flushing 
with N2. 
Total lipid content of each sample was determined 
gravimetrically in the same manner as for experimental 
diets. An aliquot of lipid extract was evaporated to 
dryness with N2 and then dissolved in isopropanol. 
Cholesterol concentrations of lipid extracts of all tissues 
except subcutaneous and perirenal adipose tissue were 
determined enzymatically (Allain et ai.,- 1974)= Protein and 
ash contents of tissues were determined as described for 
diets. 
Statistical Analyses 
The 2x2 factorial design was analyzed for main 
effects and interaction by using analysis of variance 
(Snsdscor and Cochran, 1967) and the 
Ryan-Einot-Gabriel-Welsch multiple range test (REGWQ) of the 
Statistical Analysis System (SAS, 1982). 
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RESULTS 
Pigs adjusted rapidly to experimental diets and readily 
consumed portions offered to them. During the first week, 4 
pigs exhibited signs of diarrhea and were treated with 
Spectinomycin (Diamond Laboratories, Inc., Des Moines, lA; 2 
ml twice daily for 3 days). All pigs recovered and remained 
healthy throughout the experimental period. Initial body 
weights and growth curves were similar for all dietary 
treatments (Figure 1). Although not significantly 
different, pigs fed beef protein diets tended to be heavier 
than pigs fed soy protein diets after week 4. Final weights 
of the pigs were similar for all dietary treatments. 
Apparent digestibility of experimental diets is shown 
in Table 3. Dry matter, fat, and energy digestibility was 
greatest for soybean oil-soy protein isolate diets and 
least for tallow-ground beef diets (Table 3). Soybean 
oil-ground beef and tallow-soy protein isolate diets had 
apparent digestibility values that were intermediate to but 
not different from those for soybean oil-soy protein isolate 
and tallow-ground beef. Apparent digestibility of dietary 
protein was similar for all diets. 
Plasma cholesterol concentrations are summarized in 
Figure 2. Initial plasma cholesterol concentrations were 
not significantly different and remained similar until week 
Figure 1. Mean body weights of pigs fed experimental 
diets. Pooled S EM is indicated by vertical 
bar on,x-axis at each sampling time. Each 
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Table 3. Apparent digestibility of dietary dry matter, fat, 
protein, and energy^'^ 
Diet 
Item SS SB TS TB Pooled 
SEM 
Dry matter 85.3a 83.5ab 81.7ab 79.7b 1.3 
Fat 81.9a 76.sab 75.2ab 72. lb 2.1 
Protein 86.2 88.5 88.0 85.9 1.3 
Energy 86.2a 84.gab 81.7ab 80.4b 1.3 
lvalues are means for six determinations. 
^Abbr. : SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; TB = tallow + ground beef. 
^'bjieans in a row with different superscripts differ 
(P<.05). 
Figure 2. Mean plasma cholesterol concentrations of pigs 
fed experimental diets. Pooled S EM is indicated 
by vertical, bar on x-axis at each sampling time. 
Means at a given sampling time bearing different 
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6. Pigs fed tallow had greater plasma cholesterol 
concentrations than pigs fed soybean oil from week 6 to week 
8 (Figure 2). The type of dietary protein had no effect on 
plasma cholesterol concentrations, nor was there a 
significant interaction between type of dietary fat and 
protein (P>.05). 
Lipoprotein cholesterol concentrations are summarized 
in Table 4. Because concentrations of plasma VLDL and HDL 
infranant were low (usually less than 5 mg/dl), and were not 
altered by dietary treatment, these data are not included. 
Cholesterol concentrations of LDL and HDL were similar until 
week 8 of the experimental period, at which time both LDL-
and HDL-cholesterol concentrations of tallow-fed pigs were 
greater than those of pigs fed soybean oil (Table 4). 
Dietary protein did not affect concentrations of lipoprotein 
cholesterol, and no significant interaction between t^'pe of 
dietary fat and protein was detected. Ratio of HDL to LDL 
cholesterol also was not altered by dietary protein, nor did 
dietary fat change the proportions of HDL- to 
LDL-cholesterol (Table 4) . 
Tissue and carcass cholesterol content and total lipids 
are reported in Table 5. Dietary fat increased heart and 
skeletal muscle cholesterol concentration in pigs fed 
soybean oil compared with pigs fad tallow. Dietary fat also 
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Table 4. Effect of diet on plasma lipoprotein cholesterol 
concentration of young pigs^'^ 
Diet 
Item/Time SS SB TS TB 
Pooled 
SEM 
mg cholesterol/dl plasma 
HDL cholesterol 
Initial 18 19 17 20 2 
Week 4 22 22 23 27 3 
Week 8 31^ 32^ 39^ 42^ 3 
LDL cholesterol 
Initial 24 20 21 19 4 
Week 4 17 25 17 26 5 
Week 8 28^ 3ia 39b 40b 5 
HDL:LDL cholesterol 
Initial .87 1.09 .82 1.13 .13 
Week 4 1.54 1.06 1.36 1.11 .18 
Week 8 1.15 1.07 1.04 1.31 .20 
^Values are means for six pigs. 
^Abbr,; SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; TB = tallow + ground beef. 
^•''^Superscripts that differ within a row denote 
differences (P<.05) between diets. 
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Table 5. Effect of diet on cholesterol and total lipid 
content of tissues and carcasses of young pigs^' % 
Item 
Diet 
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^Values are means for six pigs. 
^Abbr. : SS = soybean oil + soy protein isolate; SB 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; TB = tallow + ground beef. 
afbgy^erscripts that differ within a row denote 
differences (P<.05) between diets. 
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Table 5. (Continued) 
Diet 
Item SS SB TS TB SEM 
Aorta 
Cholesterol 20.6 18.6 18.1 18.8 1.5 
Total lipids .026 .030 .031 .024 .005 
Other viscera 
Cholesterol 5.0% 5.4^ 7.0% 6.7% .3 
Total lipids .284 .328 .277 .273 .017 
Carcass 
Cholesterol 4.5 4.1 4.1 3.9 .2 
Total lipids .394 .437 .442 .436 .023 
Table 6. Effect of diet on weight and dry matter, protein, and ash contents of 
tissues and carcasses of young pigs^'^ 
Diet ^ 
Item SS SB TS TB 
Liver weight, g 753 ± 47 781 ± 55 669 i 38 725 ± 43 
Dry matter, % 28.8 + .2 29.3 + .3 29.1 ± .4 28.8 ± .3 
Protein, % DM 68.1 ± .8 67.9+.8 66.6 ± .6 66.5 ± .8 
Ash, % DM 5.2±.3 5.3±.2 4.9 ±.3 5.1 ±.2 
Heart weight, g 159 ,± 10 155 ± 9 145 ± 9 153 ± 10 
Dry matter, % 19.8 ± .3 19.5 ± .1 20.8 ± .3 20.0 ± .2 
Protein, % DM 81.2 ± .2 80.7 ± .4 81.1 ± .2 80.7 ± .6 
Ash, % DM 5.4+ .1 5.4 ± .1 5.5 ± .1 5.41.1 
Brclin and spinal cord 
weight, g 112 ± 4 106 ± 4 109 ± 6 109 ± 4 
Dry matter, % 22.7 ± .4 2 3.0 ± .2 23.8 ± .8 22.8 ± .3 
Protein, % DM 45.1 + .8 45.1 ± .5 42.9+1.1 45.1+.5 
A s h , % D M  6 . 2  ±  . 1  6 . 1  +  . 2  6 . 3  ±  . 2  6 . 1  ±  . 1  
other viscera, weight, g 
Dry matter, % 
Protein, % DM 
Ash, % DM 
Carcass weight. Kg 
Dry matter, % 
Protein, % DM 
Ash, % DM 
^Values are means ± SEM for six pigs. 
^Abbr.; SS - soybean oil H soy protein isolate; SS = soybean oil + ground 
beef; TS = tallow + soy protein isolate; TB -•= tallow + ground beef. 
^Statistically significant differences were not found for comparisons of 
type of dietary fat and protein (P>.05). 
2834 ± 162 
21.7 ± .6 
33.4 ± .6 
2.4 :b .2 
31.0 ± 1.9 
38.1 ± .18 
39.7 ± 1.2 
6 . 8  ±  . 6  
2955 ± 173 
22.6 ± .5 
31.2 ± .8 
2.3 ± .3 
32.8 ± 1.8 
41.1 ± 1.3 
39.1 ± 1.3 
6.5 ± .3 
2659 + 111 
22.7 ± 1.0 
33.0 ± .6 
2.4 ± .4 
30.8 ± 1.8 
39.7 ± 2.1 
38.7 ± 1.4 
6.5 ± ,5 
2838 ± 139 
21.8 ± .6 
32.4 ± .7 
2.2 ± .4 
31.5 ± 1.7 
39.6 ± 1.5 
41.3 ± 1.5 
6 . 6  ±  . 6  
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increased the cholesterol content of viscera (excluding 
liver, heart, and aorta) with pigs fed tallow having greater 
cholesterol concentrations than pigs fed soybean oil. Total 
lipids were similar in each tissue for all diets with the 
exception of greater total lipids in livers of tallow-fed 
pigs compared with soybean oil-fed pigs. Dietary protein 
did not alter tissue or carcass cholesterol content, and no 
interaction (P>.05) of dietary fat and protein was observed. 
Diet had no effect on weight, dry matter, protein, and 
ash content of tissues and carcasses of young pigs (Table 
6). Dietary treatment did not change weight of liver, 
heart, brain and spinal cord, viscera, or carcasses. Dry 
matter, protein, and ash content of these tissues also were 
not altered by dietary fat or protein, although protein 
content of liver approached significant main effect of fat 
(P=.06), with the soybean oil-fed pigs having greater 
protein content than tallow-fed pigs. 
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DISCUSSION 
Differences observed in apparent digestibility of diets 
is probably related to source of dietary fat. Dietary fat 
absorption is dependent, in part upon the degree of 
unsaturation of its constituent fatty acids. As the percent 
saturation increases, the coefficient of absorbability for 
dietary fat decreases (Mattson, 1959). The lesser 
digestibility of diets containing beef tallow, therefore, is 
not suprising. The differences observed in digestibility of 
dry matter and energy probably are a reflection of the 
differences of digestibility of dietary fat. 
Dietary saturated fats are known to increase total 
plasma cholesterol concentrations in a wide variety of 
laboratory animals as well as humans (Glueck, 1979, 
Goodnight et al., 1982) and pigs (Reiser et al., 1959; 
Mahley et al., 1975). The greater total plasma cholesterol 
concentrations seen in pigs fed tallow compared with pigs 
fed soybean oil after week 6 (Figure 2) also are supported 
by data from Diersen-Schade et al. (1986) and Walsh et al. 
(1983). Total plasma cholesterol concentrations of pigs in 
this study, however, only were mildly hypercholestrolemic 
when compared with results of Mahley at al. (1975) for 
miniature pigs fed a hypercholesterolemic diet of 15% lard 
and 1,5% cholesterol= 
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It is possible that the amount of cholesterol fed in 
the present experiment was not great enough to produce 
moderately or severely hypercholesterolemic pigs. The 
amount of cholesterol fed to pigs in this study was .09%, a 
small fraction of the amount fed in the Mahley et al. (1975) 
study. Diersen-Schade et al. (1986), however, fed pigs 
either conventional or high-fat, cholesterol-containing 
diets and found that feeding cholesterol at .09% was 
sufficient to elevate total plasma cholesterol 
concentrations of pigs. Thus, although total plasma 
cholesterol concentrations in this experiment were not 
elevated dramatically, cholesterol concentrations were 
greater than those found in pigs fed conventional diets 
(Diersen-Schade et al., 1986). 
Type of dietary protein did not affect total plasma 
cholesterol concentrations in this experiment. Although 
plasma cholesterol concentrations of pigs fed beef tended to 
be greater than those of pigs fed soy protein isolate, the 
differences were not significant (P>.05)(Figure 2). Many-
studies indicate that dietary animal protein is more 
hypercholesterolemic than dietary vegetable protein 
(Kritchevsky, 1976). Walsh et al. (1983) found that type of 
dietary protein did not affect total plasma cholesterol 
concentrations in pigs fed tallow, but soy protein isolate 
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fed with soybean oil decreased total plasma cholesterol 
concentrations more than for pigs fed casein and soybean 
oil. In contrast, Diersen-Schade et al. (1986) found that 
liberally-fed pigs consuming beef-based diets had greater 
total plasma cholesterol concentration than did pigs fed 
soy-based diets. Cooked ground beef was found to elevate 
serum cholesterol concentration compared with soybean meal 
when fed to miniature swine (Williams et al., 1985). Humans 
fed plant or animal proteins, however, did not have 
different total plasma cholesterol concentrations (Wiebe et 
al., 1984). Mice also do not develop hypercholesterolemia 
when fed animal proteins (Weinans and Beynen, 1983). The 
possible interactions of dietary protein with other 
constituents of the diet make it difficult to interpret our 
results and those of others. 
Carroll et al. (1979) proposed that a mixture of animal 
and plant protein (as provided by com in a beef-based diet) 
may mask the hypercholesterolemic effect of saturated fat. 
There was no evidence of this type of masking in the present 
study, Hamilton and Carroll (1976) suggest that dietary 
protein may interact with fiber and carbohydrates to 
influence plasma cholesterol concentrations. No 
measurements of such interactions were made in this study; 
hence, we can not rule cut that possibility. 
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Feeding soy- or beef-based diets to pigs has been shown 
to increase lipoprotein cholesterol as compared with 
conventional diets (Diersen-Schade et al., 1986). The 
increase in lipoprotein cholesterol after the initial period 
in this study may be a result of the amount of dietary 
cholesterol, fat, and (or) protein in experimental diets. 
As suggested in the discussion of dietary protein effects on 
total plasma cholesterol concentrations, there may be an 
interaction between dietary constituents that result in 
alterations in lipoprotein distribution. Soy protein 
isolate seems to have decreased LDL-cholesterol 
concentrations at week 4 compared with beef, but these 
values are not significant at P<.05 (P=.082)(Table 4). As a 
result of the decrease in LDL-cholesterol concentrations, 
HDL to LDL ratios are slightly increased at week 4 for pigs 
fed soy protein isolate (P=.059). Dietary fat did not have 
a significant effect on lipoprotein cholesterol until week 8 
(Table 4), which abolished the protein effect seen at week 
4. These changes suggest that lipoprotein cholesterol 
concentrations of pigs are sensitive to dietary constituents 
such as fat, and less so to dietary protein. 
Changes in total plasma cholesterol concentration in 
pigs fed soy- or beef-based diets were reflected equally in 
both LDL and HDL fractions. This indicates that 
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experimental diets did not alter cholesterol distribution 
between these two fractions, but did alter total amounts of 
cholesterol present in each. Others have observed increases ' 
in cholesterol concentration of specific lipoproteins in 
response to dietary treatment. Mahley et al. (1975) 
described increases in lipoprotein cholesterol of B-VLDL, 
VLDL, IDL, LDL, and HDLq from pigs fed soy or beef diets. 
The degree of hypercholesterolemia produced in pigs by 
Mahley et al. (1975) was much greater than that produced by 
Walsh et al. (1983) and in the present experiment. Thus, 
the degree of hypercholesterolemia apparently can influence 
the distribution of cholesterol between plasma lipoprotein 
fractions. 
Many studies have examined the cholesterol content in 
tissues of animals fed unsaturated fats. In general, these 
studies have shown that dietary unsaturated fats decrease 
plasma cholesterol concentrations and increase tissue 
cholesterol when compared with dietary saturated fats. 
These data suggest cholesterol may be redistributed from 
plasma to tissues as a response to dietary unsaturated fat. 
Grundy and Ahrens (1970) proposed redistribution of 
cholesterol from plasma to tissues as a possible response to 
dietary unsaturated fats in humans. Dietary unsaturated 
fats may redistribute plasma lipoprotein cholesterol, as 
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demonstrated by Richard et al. (1980), so that 
LDL-cholesterol concentration is greater than 
HDL-cholesterol. This would allow for greater delivery of 
cholesterol to tissues by the LDL-receptor mechanism 
(Goldstein and Brown, 1977). The differential in plasma 
LDL- and HDL-cholesterol concentrations from pigs fed 
unsaturated fats was not evident in this study; thus, 
increased tissue cholesterol probably was not the result of 
increased deposition of LDL-cholesterol by way of the 
receptor-mediated pathway. 
Degree of unsaturation of dietary fat is known to 
affect the degree of saturation of fat in the body (Dryden 
et al., 1973). If feeding unsaturated fats to pigs has 
increased the degree of unsaturation of membrane lipids, the 
integrity of those membranes may be in jeopardy without an 
increase in cholesterol content to provide rigidity 
(Oldfield and Chapman, 1972; Lucy, 1974). It is possible 
that by feeding unsaturated fats (soybean oil), membrane 
phospholipids have become unsaturated and, thus, require 
cholesterol as a stabilizing agent. 
As reported in Table 6, dietary treatment did not alter 
weight or composition of liver, heart, brain and spinal 
cord, other viscera, and carcasses of pigs. Diersen-Schade 
et al. (1986) reported a greater ash content of pigs fed 
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beef-based diets compared with pigs fed soy-based diets. 
Protein content of tissues and carcass was not altered, 
however. 
In sumnary, pigs fed soybean oil had lesser total, LDL-
and HDL-cholesterol concentrations but had greater heart and 
skeletal muscle cholesterol concentrations than pigs fed 
tallow. Because type of dietary fat may change composition 
of tissue lipids, the increase in cholesterol content of 
some tissues may represent attempts to maintain membrane 
integrity in the face of increasing unsaturation of membrane 
lipids. Type of dietary protein did not affect any 
parameter measured in this study; likewise, no interaction 
of dietary protein and fat was detected. Thus, soy protein 
isolate did not enhance the hypocholesterolemia effect of 
soybean oil, nor did ground beef enhance the 
hypercholesterolemic effects of tallow when fed to pigs^ 
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SECTION II. PRODUCTION OF CO2, FATTY ACIDS, AND GLYCEROL, 
AND ADIPOSE TISSUE CELLULARITY IN PIGS FED 
ANIMAL AND VEGETABLE FATS AND PROTEINS 
112 
ABSTRACT 
Production of CO2, long-chain fatty acids, and glycerol 
from glucose was measured in ileal mucosa, liver, skeletal 
muscle, and subcutaneous and perirenal adipose tissues of 
pigs fed diets containing soybean oil or beef tallow and soy 
protein isolate or ground beef as the major source of 
dietary fat and protein. In addition, samples of 
subcutaneous adipose tissue were taken for determination of 
cellularity. Diets contained approximately 40% of calories 
from fat and approximately 18% of calories from protein. 
Production of CO2 and glycerol in all tissues was similar 
for all dietary treatments. Pigs fed tallow had greater 
rates of fatty acid synthesis per gram of both subcutaneous 
and perirenal adipose tissue. Type of dietary protein did 
not affect CO2, fatty acid, or glycerol production from 
glucose in any tissue examined. When fatty acid synthetic 
rates were expressed per million adipocytes, the effect of 
dietary tallow no longer was evident. This was a result of 
greater numbers of adipocytes per gram of subcutaneous 
adipose tissue in pigs fed tallow. Tallow-fed pigs also had 
greater numbers of very small adipocytes (20 to 36 vim in 
diameter) and very large adipocytes (171 to 223 vm in 
diameter) than did pigs fed soybean oil. These results 
indicate that the degree of saturation of dietary fat and 
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source (soy protein isolate or ground beef) of dietary 
protein had no effect on oxidative capacities of tissues of 
pigs when total caloric and protein intakes were similar. 
Pigs fed unsaturated fat, however, had lesser rates of 
lipogenesis in adipose tissue, the major anatomical site of 
fatty acid synthesis in pigs. 
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INTRODUCTION 
The deposition of subcutaneous and internal fat in a 
carcass is a major factor in determining the yield of lean 
meat from a pork carcass (Allen, 1976). Deposition of 
excessive quantities of subcutaneous, internal, and 
intermuscular fat results in lower carcass values and 
desirability. Determining factors that control the growth 
and deposition of fat in pigs ultimately would benefit both 
producers and consumers of pork. 
The extent of fat deposition in a carcass is dependent 
on a number of factors, including sex, length of feeding 
period, and type of diet (Allen, 1976). Numerous reports 
have demonstrated that replacement of dietary carbohydrate 
by protein or fat depresses fatty acid synthesis in liver 
and adipose tissue of rats (Hill et al., 1958; Cohen and 
Tietelbaum, 1966; Leveille, 1967) , liver of chicks (Nishida 
et al., 1960; Yeh and Leveille, 1972), and adipose tissue of 
pigs (Allee et al., 1971; Diersen-Schade et al., 1986). 
Few data are available, however, on effects of dietary 
fat and protein on adipose tissue cellularity in meat 
animals. Campbell and Dunkin (1983) examined effect of 
different amounts of dietary protein on cellularity of 
adipose tissue of young pigs and found that increasing 
dietary protein also increased fat cell size. Herberg et 
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al. (1974) showed that mouse adipose tissue undergoes 
hypertrophy as well as hyperplasia in response to a high-fat 
diet. Kirtland and Gurr (1978) found hyperplasia in rat 
adipose tissue in response to high-fat diets. 
The effects of type of dietary fat and protein on 
lipogenesis have not been well documented, and results are 
inconsistent. Studies with rats (Flick et al., 1977) and 
mice (Sabine et al., 1969) suggest polyunsaturated fats 
inhibit lipogenesis more effectively than do saturated fats. 
Waterman et al. (1975) demonstrated a greater inhibition of 
lipogenesis in pigs and rats when saturated fat was fed. 
Diersen-Schade et al. (1986), however, found that 
lipogenesis in adipose tissue of pigs was inhibited equally 
by saturated and polyunsaturated fat. At present, we are 
unaware of data concerning the effect of type of dietary 
protein on lipogenesis in pigs. 
This study was designed, therefore, to determine the 
effect of type of dietary fat and protein on lipogenic 
capacity of several tissues of growing pigs. In addition, 
dietary effects on adipose tissue cellularity were examined. 
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MATERIALS AND METHODS 
Animals 
Twenty-four castrated male pigs of mixed breeds were 
allotted randomly to four experimental diets as described in 
Section I. Diet formulation, feeding, and analysis were as 
described in Section I. 
Incubation Procedures 
Pigs were stunned by electricl shock and killed by 
exsanguination during week 8 of the experimental period. 
Samples of all tissues for in vitro incubation procedures 
were taken as soon as possible after death. Ileum samples 
were taken by measuring 30 cm proximal from the ileo-cecal 
junction and removing a 15 cm section of intestine. The 
section of ileum was stripped of ingesta, rinsed with 50 ml 
of .15 M NaCl solution buffered with 20 mM K2HPO4 at 37® C 
(referred to as warm buffered saline), pH 7.4, and placed 
into 400 ml of warm buffered saline until assayed. 
Subcutaneous adipose tissue was taken from the dorsal 
midsection, and perirenal adipose tissue was taken after 
removal of viscera. Both types of adipose tissue were 
placed separately into 400 ml of warm buffered saline until 
assayed. Samples of skeletal muscle were taken from the 
lonqissimus dorsi and placed into 400 ml .15 M NaCl solution 
buffered with 20 mM K2HPO4 at 0° C, pH 7.4, until assayed. 
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Liver sample was taken from the medial lobe and also placed 
into saline solution at 0° C until assayed. 
Slices of tissue weighing 100-200 mg were prepared from 
each tissue, with exception of ileim, from which a scraping 
of the lumenal surface weighing 100-200 mg was prepared. 
Tissues were transferred to siliconized 25-ml erlenmeyer 
flasks containing 3 ml of Krebs-Ringer bicarbonate buffer 
(Ca+2-free), pH 7.4 (Pothoven and Beitz, 1973) plus .3 lU 
porcine insulin and .1% defatted bovine serum albumen (Sigma 
Chemical Co., St. Louis, MO). Each flask also contained 1 
uCi [D-U-l^c] glucose (New England Nuclear Corp., Boston, 
MA) and 5 mM glucose as substrate. This concentration of 
glucose was found to give maximal rates of in vitro 
lipogenesis for each tissue assayed. A hanging well 
containing folded filter paper was placed in the stoppered 
flasks for collection of CO2. 
Flasks were incubated in triplicate in a metabolic 
shaker for 2 hr at 37- C under an atmosphere of 95% O2 and 
5% CO2. At the end of the incubation, cellular reactions 
were stopped and CO2 was liberated by addition of .5 ml of 
1.5 N H2SO4. Tissue slices incubated in media containing 
H2SO4 served as controls. Absorption of CO? was facilitated 
by injecting .1 ml of 7.5 M NaOH onto filter paper at the 
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end of the incubation period. Flasks then were allowed to 
shake an additional 30 min to allow total collection of CO2. 
Analytical Methods 
Production of CO2 was measured by transferring filter 
papers from hanging wells to scintillation vials and 
assaying for radioactivity by using liquid scintillation 
spectrophotometry (Model LS-8000, Beckman Instruments, Inc., 
Fullerton, CA). 
After CO2 collection, tissue and media were transferred 
to a tube containing 13.2 ml of 1:2 chloroform:methanol(v/v) 
and 2.3 ml of 1:2:0.8 chloroform:methanol:water(v/v/v) and 
homogenized by using a Polytron homogenizer (Model PT-10, 
Brinkman Instruments, Westbury, NY). An additional 5 ml of 
chloroform was added to each sample by rinsing the 
homogenizer blade. 
All samples then were washed by using the method of 
Folch et al. (1957) and allowed to dry completely under 
moving air. Upon drying, 10 ml of chloroform was added to 
each sample and, after 10 min, 1 ml of 1.25 M sodium 
methylate in methanol containing .001% phenophthalein was 
added with slow mixing. After a 30-min transesterification 
period, the mixture was neutralized with 1 ml of 1.2 M HCl 
in methanol during slow mixing. The aqueous layer 
containing glycerol and the chloroform layer containing 
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fatty acids were separated by centrifugation at 3000 g for 5 
min. Each layer was transferred to scintillation vials for 
assay of radioactivity with a liquid scintillation 
spectrophotometer J 
Cellularity of Adipose Tissue 
Duplicate samples of subcutaneous and perirenal adipose 
tissues (100-200 mg wet weight) were fixed with 4% osmium 
tetroxide in 50 mM collidine chloride. Fixed adipose tissue 
was treated with an 8 M urea solution to solubilize 
connective tissue, as described by Etherton et al. (1977). 
Adipocytes were freed by washing with .15 M NaCl containing 
.01% Triton X-100 through a 250 urn nylon mesh filter. 
Washed adipocytes were collected on a 20 ym nylon mesh 
filter and number of adipoctyes per g of tissue was 
determined (Whitehurst et al., 1981) by using a Coulter 
counter (Model ZB, Coulter Electronics, Hialeah. FL). 
Statistical Analyses 
Data were analyzed statistically as described in Section 
I for a 2 X 2 factorial design. 
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RESULTS 
Rates of conversion of glucose to 002, fatty acids, and 
glycerol measured in vitro were used to assess effects of 
diet on lipogenic and metabolic capacities of ileal mucosa, 
liver, skeletal muscle, and adipose tissues of young growing 
pigs. Rates of glucose oxidation to CO2 and fatty acid 
synthesis per weight of ileal mucosa, liver, and skeletal 
muscle were similar for all dietary treatments (Table 1). 
Rates of glycerol production in ileal mucosa and livers but 
not skeletal muscle of pigs fed ground beef were less than 
rates in pigs fed soy protein isolate (Table 1)(P=.054). 
Rates of CO2, fatty acid, and glycerol production 
expressed per gram and per million adipocytes of 
subcutaneous and perirenal adipose tissue are shown in 
Tables 2 and 3. Oxidation of glucose to CO2 and conversion 
to glycerol were not altered by dietary treatment in either 
subcutaneous or perirenal adipose tissue when expressed as 
per gram or per million adipocytes. Rates cf fatty acid 
synthesis in subcutaneous adipose tissue from pigs fed 
tallow were greater than those of pigs fed soybean oil when 
expressed per gram; this difference was not seen when rates 
of fatty acid synthesis were expressed per million 
adipocytes (Tables 2 and 3) . Fatty acid synthetic rates per 
weight of perirenal adipose tissue of tallow-fed pigs tended 
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Table 1. Effect of diet on in vitro CO2, fatty acid, and 
glycerol production in ileal mucosa, liver, and 
skeletal muscle tissue of young pigs^'^ 
Tissue/Product SS SB TS TB 
Pooled 
SEM 
nmole glucose converted/hr x g 
Ileal mucosa 
CO2 32.2 35.3 46.8 33.6 7.8 
Fatty acids 9.2 14.9 4.0 5.5 4.0 
Glycerol 23.0 11.3 20.2 20.4 6.3 
Liver 
CO2 5.9 7.6 6.6 7.1 1.2 
Fatty acids 0.3 0.4 0.6 0.3 .2 
Glycerol 20.3 13.6 28.8 12.3 11.3 
Skeletal muscle 
CO2 41.2 39.3 72.3 34.5 12.0 
Fatty acids 12.4 8.2 10.6 12.3 2.5 
Glycerol 8.1 11.0 19.0 16.1 5.1 
^Values are means for six pigs. 
2Abbr. : SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; T3 = tallow + ground beef. 
3 Statistically significant differences were net found 
for comparisons of type of dietary fat and protein (P>.05). 
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Table 2. Carbon dioxide, long-chain fatty acid, and 
glycerol production in adipose tissue of young 
pigs (tissue-weight basis)^'% 
Diet 
Tissue/Product SS SB TS TB 
Pooled 
SEM 
nmole glucose converted/hr x g 
Subcutaneous 
CO2 134.4 195.9 159.4 174. 1 29.4 
Fatty acids 819.la 779.5a 1230.8% 1218. 5b 111.6 
Glycerol 64.5 86.6 82.4 87. 5 20.9 
Perirenal 
CO2 116.9 80.4 121.2 147. 6 21.8 
Fatty acids 718.QC 519.QC 1139.Od 935. Od 191.2 
Glycerol 58.1 73.6 106.8 110. 1 27.1 
^Values are means for six pigs. 
^Abbr.: SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; TB = tallow + ground beef. 
^/^Superscripts that differ within a row denote 
differences (P<.05) between diets. 
- f <^Superscripts that differ within a row denote 
differences (P<.08) between diets. 
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Table 3. Carbon dioxide, long-chain fatty acid, and 
glycerol production in adipose tissue of 
young pigs (cell number basis) ^ ' % 
Diet 3 
Tissue/Product SS SB TS TB 
Pooled 
SEM 
nmole glucose converted/hr x 10"® cells 
Subcutaneous 
CO2 48.3 53.5 47.8 42.6 6.3 
Fatty acids 296.3 335.4 359.9 317.2 69.2 
Glycerol 21.8 44.0 23.8 24.6 10.8 
Perirenal 
CO2 32.9 35.9 57.6 64.0 14.2 
Fatty acids 204.0 260.6 536.0 378.3 129.3 
Glycerol 16.6 35.0 46.7 44.9 15.2 
1 Values are means for six pigs. 
^ Abbr.: SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isolate; TB = tallow + ground beef. 
^ Statistically significant differences were not found 
for comparisons of type of dietary fat and protein (P>.05). 
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to be greater (P=.08); no dietary effect was observed when 
expressed on a cell-number basis. 
Average adipocyte size, number of adipocytes per gram of 
adipose tissue, and total number of adipocytes per carcass 
adipose tissue site are given in Table 4. Average size of 
subcutaneous adipocytes was greater in pigs fed soybean oil 
than in pigs fed tallow. Tallow-fed pigs, however, had more 
adipocytes per gram of subcutaneous adipose tissue than did 
pigs fed soybean oil (Table 4). Average cell size and 
number of adipocytes per gram of perirenal adipose tissue 
were similar for all dietary treatments (Table 4). 
Figures 1 and 2 summarize the effect of diet on size 
distribution of adipocytes from subcutaneous and perirenal 
adipose tissues, respectively. Because distributions for 
soy protein isolate-fed pigs were similar to those for 
ground beef-fed pigs, the distributions presented are for 
soybean oil- and tallow-fed pigs. Statistical analysis 
represent comparisons between diets of number of adipocytes 
within a given range of cell sizes. In subcutaneous adipose 
tissue, pigs fed tallow had greater numbers of small 
adipocytes (20 to 36 ym range) as well as greater numbers of 
very large adipocytes (171 to 223 um range) than did pigs 
fed soybean oil (Figure 1). Soybean oil-fed pigs had 
significantly more adipocytes in the middle-size range 
Figure 1. Mean adipocyte number per distribution of 
adipocytes from subcutaneous adipose tissue 
of pigs fed soybean oil and tallow. 
Statistical analyses represent comparisons 
between diets of number of cells within a 
given range of cell sizes. Means bearing 
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Figure 2 .  Mean adipocyte number per distribution of 
adipocytes from perirenal adipose tissue 
of pigs fed soybean oil and tallow. 
Statistical analyses represent comparisons 
between diets of number of cells within 
a given range of cell sizes. Means bearing 
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Table 4. Effect of diet on cellularity of adipose tissue 
from pigs ^'% 
Diet 





diameter, um 48% 52^ 42% 45b 3 
Cells X lO'/^g 1.42% 1.33a 1.95b 2.03b .18 
Perirenal 
Average cell 
diameter, ^ m 49 53 52 51 2 
Cells X IQ-fg 1.78 1.30 1.49 1.29 .19 
^Values are means for six pigs. 
^Abbr.: SS = soybean oil + soy protein isolate; SB = 
soybean oil + ground beef; TS = tallow + soy protein 
isloate; TB = tallow + ground beef. 
^'^Superscripts that differ within a row denote 
differences (P<.05) between diets. 
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(37 to 90 ym) than did pigs fed tallow (Figure 1). In 
perirenal adipose tissue, tallow-fed pigs had greater 
numbers of adipocytes in the 20 to 26 ym range than pigs fed 
soybean oil (Figure 2). Tallow-fed pigs also had greater 
numbers of adipocytes in the 126 to 223 pm range than did 
pigs fed soybean oil but had similar numbers of adipocytes 
in the remaining size ranges to those of soybean oil-fed 
pigs (Figure 2). 
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DISCUSSION 
Carbon dioxide, long-chain fatty acid, and glycerol 
production from glucose in ileal mucosa, liver and skeletal 
muscle from pigs were not altered by type of dietary protein 
or fat (Table 1). Few data are available on the effect of 
dietary protein and fat on CO2, fatty acid, and glycerol 
production in tissues other than liver and adipose tissue. 
Yeh and Leveille (1972) examined the effect of amount of 
dietary protein on intestinal and hepatic lipogenesis in the 
chick. In their study, as dietary protein was increased 
from 12 to 25%, hepatic lipogenesis was depressed and 
intestinal lipogenesis was unchanged. Allee et al. (1971) 
presented data that support the hypothesis that increasing 
the amount of dietary protein reduces lipogenesis in tissues 
of pigs. Pigs fed diets containing 12% dietary protein had 
greater rates of lipogenesis than did pigs fed 24% dietary 
protein (Allee et al., 1971). Other researchers have 
demonstrated decreased lipogenesis in tissues of species 
other than pigs as a result of increased amounts of dietary 
protein (Nishida et al., 1960; Cohen and Tietelbaum, 1966; 
Leveille, 1967), probably by way of a mechanism distinct 
from that of"dietary fat (Homscs and Leveille, 1975). 
Diersen-Schade et al. (1986) fed conventional, soy-, and 
beef-based diets containing equivalent amounts of dietary 
132 
protein to pigs and found no differences in lipogenic 
capacity of liver, ileal mucosa, and subcutaneous and 
perirenal adipose tissues of pigs fed soy- or beef-based 
diets, which is in agreement with results of the present 
study. 
Several experiments, including the present study, have 
shown that pig liver has a limited capacity to convert 
glucose to CO2, fatty acids, and glycerol (Table 1; O'Hea 
and Leveille, 1969; Huang and Kummerow, 1976; Diersen-Schade 
et al., 1986). Rates of glucose conversion to CO2 and fatty 
acids per gram of liver were much lower than those per gram 
of ileal mucosa or skeletal muscle (Table 1) and of adipose 
tissues (Table 2). O'Hea and Leveille (1969) and Huang and 
Kummerow (1976) reported low activities of lipogenic enzymes 
in pig liver when compared with activities of lipogenic 
enzymes in pig adipose tissue. Likewise. Huang and Kummerow 
(1976) found pig ileal mucosa to have low activities of 
acetyl CoA carboxylase, fatty acid synthase, and ATP-citrate 
lyase when compared with pig adipose tissue. This would 
account for the large differential in synthetic capacity 
seen between tissues of pigs (Tables 1 and 2). Rates of CO2 
production from glucose were greater in ileal mucosa and 
skeletal muscle than in liver (Table 1). Diersen-Schade et 
al. (1986) and Huang and Kummerow (1976) also reported 
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greater rates of CO2 production in intestine than in liver 
of pigs. Glycerol production, however, was similar in liver 
and intestinal mucosa of pigs in the present study (Table 
1). Diersen-Schade et al. (1986) and Huang and Kummerow 
(1976) both reported somewhat greater glycerol production in 
pig intestine than in pig liver. The reason for this 
increase remains unknown. 
Pig adipose tissue was determined to be the principal 
site of de novo lipogenesis from glucose in the pig by 
others (O'Hea and Leveille, 1969; Huang and Kummerow, 1976; 
Diersen-Schade et al., 1986) and by results from this 
experiment. Fatty acid synthetic rates in both subcutaneous 
and perirenal adipose tissues were several fold greater than 
those in ileal mucosa, liver, or skeletal muscle (Tables l 
and 2). Rates of glucose oxidation to CO2 and conversion to 
glycerol also were greater in pig adipose tissue than in pig 
ileal mucosa, liver, or skeletal muscle (Tcibles 1 and 2). 
These rates are within the ranges of values reported by 
O'Hea and Leveille (1969) and Diersen-Schade et al. (1986). 
O'Hea and Leveille (1969) reported that adipose tissue of 
pigs contributes 99% of whole body de novo lipogenesis when 
glucose was used as a substrate. Data from the present 
study indicate pig adipose tissues have the capacity to 
synthesize large amounts of fatty acids and, thus. 
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contribute significantly to fatty acid synthesis in the body 
of the pig. 
As in the present study, Diersen-Schade et al. (1986) 
found that beef tallow and soybean oil when fed in equal 
amounts inhibited both intestinal and hepatic lipogenesis in 
pigs equally. Greater amounts of dietary fat resulted in 
greater suppression of lipogenesis (Diersen-Schade et al.; 
1986; Wilson et al., 1983). Thus, the amount fat in the 
diet influences rates of lipogenesis more than does the type 
of fat (saturated or polyunsaturated) . Although rates were 
comparatively low, the present study also suggests that type 
of dietary fat does not change lipogenic capacities of ileal 
mucosa, liver or skeletal muscle of pigs. 
Many experiments have demonstrated inhibition of 
lipogenesis by dietary fat in both liver and adipose tissue 
of several species (Herzberg, 1983). Allee et al, (1971), 
O'Hea et al. (1970), and Wolfe et al. (1977) also reported 
decreased rates of fatty acid synthesis in pig adipose 
tissue when the amount of dietary fat was increased. 
Activities of several lipogenic enzymes, including 
glucose-6-dehydrogenase, 6-phosphogluconate dehydrogenase, 
NADP-malate dehydrogenase, ATP-citrats lyase, and fatty acid 
synthase, also were decreased in adipose tissue and (or) 
liver of pigs fed diets containing greater amounts of fat 
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(O'Hea et al., 1970; Allee et al., 1971; Wolfe et al., 
1977). 
The mechanism by which dietary fat inhibits lipogenesis 
is unclear, but the inhibition is a specific effect of 
dietary fat and not merely a result of the accompanying 
reduction of carbohydrate intake when dietary fat intake is 
increased (Triscari et al.. 1978). Romsos and Leveille 
(1975) hypothesized that free fatty acids and (or) 
long-chain acyl CoA derivatives may be specific regulators 
of lipogenesis. Studies with rats (Flick et al., 1977) and 
mice (Sabine et al., 1969) demonstrated that linoleic and 
other fatty acids with double bonds at were effective 
inhibitors of hepatic lipogenesis. In the present study, 
fatty acid synthesis per gram of subcutaneous adipose tissue 
was suppressed in adipose tissue in pigs fed soybean oil 
when compared with that in pigs fed tallow (Table 2). In 
contrast. Waterman et al. (1975) found that adipose tissue, 
and not hepatic, lipogenesis in rats and pigs was suppressed 
when tallow was fed rather than safflower oil; the 
suppression of hepatic lipogenesis occurred only in rats fed 
safflower oil. 
T'Jhsn rates of fatty acid synthesis in adipose tissue are 
expressed on a per million adipocyte basis, the apparent 
inhibition by soybean oil of lipogenesis in subcutaneous 
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adipose no longer is evident (Table 3). Tallow- and soybean 
oil-fed pigs had similar rates of glucose conversion to 
fatty acids per million adipocytes (Table 3); thus, each 
type of dietary fat equally inhibited fatty acid synthesis 
in adipose tissue of pigs. 
Cellularity data suggest that feeding tallow to pigs 
produces significant numbers of very large adipocytes and, 
at the same time, stimulates production of new, smaller 
adipocytes in subcutaneous and, to a lesser degree, in 
perirenal adipose tissue. Hyperplasia of adipose tissue in 
response to diet is not without precedent. Herberg et al. 
(1974) produced both hypertrophy and hyperplasia in adipose 
tissue of mice by feeding a high-fat diet. Adipocyte size 
and number increase in dietary-obesity-resistant and 
susceptible rats fed high-fat diets (Obst et al., 1981). 
Faust et al. (1978) fed adult rats high-fat diets and 
induced adipocyte hyperplasia. The authors suggested that 
initial adipose tissue enlargement occurred by way of 
hypertrophy, and, when a certain adipocyte size was 
attained, further depot enlargement was the result of both 
hyperplasia and hypertrophy (Faust et al., 1978). Swine 
subcutaneous adipose tissue exhibits bimodal distributions 
when a large number of adipocytes attain diameters greater 
than 100 ym (Allen et al=, 1974). This suggests a 
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difference in the total amount of fat in the body of pigs 
with very large and newly formed adipocytes (bimodal 
distribution) as compared with pigs with a normal 
distribution of adipocytes. Etherton (1980) reported that 
obese and lean pigs have bimodal adipocyte distributions, 
but obese pigs have a greater proportion of cells 20 to 30 
um in diameter and greater maximal diameters of adipocytes 
than did lean pigs. Obese pigs had significantly greater 
amounts of subcutaneous adipose tissue than did lean pigs 
(Etherton, 1980). In mice, diet-induced obesity was the 
result of adipose tissue hypertrophy and hyperplasia 
(Herberg et al., 1974). In the present study, however, 
dietary treatment did not alter final body weights (Section 
1, Figure 1) or carcass lipid content (Section 1, Table 4). 
Therefore, the appearance of significant numbers of small 
adipocytes in pigs fed tallow cannot be explained by 
differences in body composition. 
A number of studies have supported the concept of a 
critical period of adipocyte hyperplasia early in the life 
of humans and animals. Proliferative activity of rat 
adipose tissue seems to cease after about the 12th week of 
life (Kirtland and Gurr, 1978). Hoed and Allen (1377) 
concluded that adipocyte hyperplasia in swine was complete 
by age 20 weeks. Because pigs in the present study were 
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approximately 14 weeks of age and still in the proliferative 
stage when samples of adipose tissue were taken for 
determination of cellularity, dietary fat may have modified 
the ability of adipocytes to proliferate. Type of dietary 
fat could have influenced adipose tissue proliferation in 
three ways; a) soybean oil may have caused an inhibition of 
mitotic activity of adipose tissue,, b) tallow may have 
increased mitotic activity of adipose tissue, and c) both a) 
and b) could have occurred. Any of these possibilities 
would result in the type of adipocyte distribution seen in 
Figures 1 and 2. It is impossible to determine which 
possibility, if any, is responsible for greater numbers of 
small adipocytes in adipose tissue of pigs fed tallow. 
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SECTION III. EFFECT OF SOY OR BEEF DIETS ON CHOLESTEROL 
METABOLISM IN PIGS. 1. DISTRIBUTION OF 




Pigs were fed diets containing either soybean oil and 
soy protein isolate or beef tallow and ground beef to 
examine the effects of type of dietary fat and protein on a) 
plasma and lipoprotein cholesterol distribution, b) tissue 
composition, c) accumulation of an oral or intravenous dose 
of cholesterol in tissues, and d) kinetic parameters of the 
intravenous dose of cholesterol. Pigs fed soy diets had 
lesser total plasma and LDL-cholesterol concentrations than 
did pigs fed beef diets. Ratios of HDL- to LDL-cholesterol 
decreased with time fed diets, suggesting a redistribution 
of cholesterol in LDL and HDL fractions. Cholesterol 
concentrations of liver, skeletal muscle, aorta, and viscera 
were greater in pigs fed soy diets than in pigs fed beef 
diets. Tissues accumulated more of the intravenous dose of 
cholesterol than of the oral dose, possibly because of 
inherent differences in the metabolism of each dose. 
Kinetic analyses indicated significantly greater turnover of 
cholesterol in VLDL and HDL of soy-fed than of beef-fed 
pigs. We have hypothesized that dietary unsaturated fat in 
soy diets is altering VLDL and HDL in such a manner to cause 
greater removal of VLDL and HDL than in pigs fed beef diets. 
The differences in turnover also may explain the changes 
observed in tissues and plasma cholesterol concentrations as 
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well as provide a mechanism for the hypocholesterolemic 
effects of dietary unsaturated fats. 
145 
INTRODUCTION 
The hypocholesterolemic effect of specific dietary fats 
has been well established by numerous investigations in the 
last three decades. Mechanisms of the effects of amount and 
composition of dietary fats on circulating cholesterol, 
however, remain elusive. Many possibilities exist, 
including changes in cholesterol synthesis and absorption, 
redistribution of cholesterol between plasma and 
extrahepatic pools (Grundy, 1975), and changes in hepatic or 
intestinal lipoprotein synthesis or catabolism as reflected 
by peripheral uptake of sterols or lipoproteins (Lewis et 
al., 1961). 
Dietary protein exerts a modifying effect upon the 
cholesterolemic response to type of dietary fat. Plant 
proteins enhance the cholesterol-lowering effect of dietary 
unsaturated fats (Forsythe et al., 1980). Others reported 
little or no effect of type of dietary protein on the 
hypocholesterolemic effect of unsaturated fats (Wiebe et 
al., 1934; «einans and Beynen, 1963; Section I). 
Several researchers have observed that tissue 
cholesterol concentrations increase when dietary unsaturated 
fats are fed (Walsh et al., 1985a; Diersen-Schade et al., 
1986; Section I). The increase in tissue cholesterol 
concentration could be the result of increased tissue 
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synthesis or absorption, redistribution of plasma 
cholesterol into tissues, or redistribution of cholesterol 
among tissues. The experiment described in this paper was 
designed to establish changes in plasma and tissue 
cholesterol concentration in response to dietary fats and 
proteins as well as to examine the effects of dietary 
treatments on kinetics of metabolism of plasma lipoproteins. 
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MATERIALS AND METHODS 
Animals 
Four littermate pairs of 8-week-old Yorkshire mixed-
cross barrows were assigned randomly to experimental diets 
after a four-day adjustment period during which they were 
fed a commercial starter feed. Pigs were housed in a 
well-ventilated, heated bam in individual pens. Water was 
available ad libitum from automatic nipple waterers. 
Diets 
Experimental diets had a ground shelled corn base, with 
either soybean oil or beef tallow as the primary fat source 
and soy protein isolate or ground beef as the primary 
protein source (Table 1) . Beef tallow was added to the soy 
diet in proportions similar to that found in the beef diet 
(ground beef contained 2.2% fat on an as-fed basis). 
Polyunsaturated to saturated fat ratios for both diets are 
given in Table 2. Crystalline cholesterol was dissolved in 
melted beef tallow and added to each diet as necessary to 
provide a total cholesterol intake to equal 31 mg per kg 
body weight daily. Diets were formulated to meet or exceed 
recommendations of the National Research Council for young 
growing swine. Chromic oxide was added to all diets at .5% 
during week 5 as a marker for determining digestibility. 
3-Sitosterol was added at .3% as a marker for sterol losses 
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Table 1. Ingredient composition of diets 
Diet 
Ingredient Soy Beef 
% of dry matter 
Ground shelled com 60.23 58.17 
Soy protein isolate^ 15.20 
Ground beef^ — 20.00 
Soybean oil^ 15.60 
Beef tallow 1.70 15.60 
Crystalline cholesterol^ .07 .03 
Dicalcium phosphate® 1.80 1.80 
Calcium carbonate? .82 .82 
Trace mineral salt® .78 .78 
Trace mineral premix® .07 -07 
Selenium premix^° .10 .10 
Potassium chloride .05 
Vitamin premixii 1.50 1.55 
Aureo®SP-250"^ .28 .28 
Chromic oxide .50 .50 
6-Sitosterol .30 .30 
^Supro 620, Ralston Purina Co,,- St. Louis, MO. 
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^Frielen Meats, Des Moines, lA. 
^Edsoy, Staley Mfg. Co., Decatur, IL, donated through 
the courtesy of T. Bessler. 
"Beef tallow was prepared by Iowa State University 
Meats Laboratory. 
^Crystalline cholesterol was obtained from J. T. Baker 
Co., Phillipsburg, NJ. 
^DycAlden Phosphate, Iowa Limestone Co., Des Moines, 
lA. Guaranteed analysis: phosphorus, not less than IS.50%; 
calcium, not more than 23.00% and not less than 19.00%; 
fluorine, not more than .185%. 
^Fre-Flo Alden Ground Limestone, Iowa Limestone Co., 
Des Moines, lA. Guaranteed analysis; calcium carbonate, 
not less than 98.00%; calcium, not more than 39.60% and not 
less than 39.20%. 
^Hardy Trace Mineral Salt, Hardy Salt Co., St. Louis, 
MO. Guaranteed analysis; zinc, not less than .350%; 
manganese, not less than .200%; iron, not less than .200%; 
copper, not less than .030%; cobalt, not less than .005%; 
iodine, not less than .007%; salt, not less than 96.00% and 
not more than 98.50%. Ingredients: sodium chloride, zinc 
oxide, manganous oxide, ferrous carbonate, ferrous sulfate, 
copper oxide, calcium iodate, cobalt carbonate, red iron 
oxide ( for color only), mineral oil, and anethol. 
^CCC Swine Trace Mineral Premix, Iowa State University 
Swine Nutrition Group, Ames, lA. Contains 20% zinc, 10% 
iron, 5.5% manganese.. 1.1% copper, and .15% iodine. 
Ingredients: zinc sulfate, ferrous sulfate, manganese 
oxide, iron oxide, iron oxide (color), copper oxide, calcium 
iodate, and calcium sulfate. 
-°Iowa State University Swine Nutrition Group, Ames, 
lA. Provides .1 ppm selenium when added at .05% of the 
diet. 
P. Feeds Stress Mate, Protein Blenders, Inc., Iowa 
City, lA. Guaranteed analysis (per lb.); 500,000 USP units 
Vitamin A, 100,000 USP units vitamin D3, 500 lU vitamin E, 4 
mg vitamin B2.2,- 1500 mg D-calcium pantothenate, 500 mg 
riboflavin, 3000 mg niacin, 30,000 mg choline chloride, 400 
mg vitamin K (MSBC), 20 mg folic acid, 1 mg biotin, 11.340 
mg L-lysins, 226 mg iodine, 100 mg thiamine, 100 mg 
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pyridoxins, 9,525 mg D-L-methionine. Ingredients: Vitamin 
A acetate, D-activated animal sterol (source of D 3 ) ,  
dl-alpha tocopheral acetate (source of vitamin E) vitamin 
Bi2 supplement, riboflavin supplement, D-calcium pantothenic 
acid, niacin, choline chloride, menadione sodium bisulfite 
complex, folic acid, biotin, L-iysine, ethylene diamine 
dihidriodide, thiamine mononitrate, pyridoxine HCl, DL-
methionine, inositol, manganous oxide, iron sulfate, 
magnesium oxide, iron carbonate, copper oxide, cobalt 
carbonate, zinc oxide, sulfur, calcium carbonate, dried 
extracted streptomyces fermentation residue, corn distillers 
dried grains, com distillers dried solubles, condensed 
fermented com extractives, condensed whey solubles, 
roughage products and mineral oil. 
12American Cyanamid Co., Wayne, NJ. Contains 
chlortetracycline calcium complex equivalent to 20 g 
chlortetracycline hydrochloride, 4.4% Sulmet®sulfamethazine, 
and 10 g/lb penicillin (from procaine penicillin). 
Ingredients: dried Streptomyces aureofaciens fermentation 
produce, calcium carbonate, and calcium sulfate. 
^^Sigma Chemical Co., St. Louis, MO. Practical grade, 
crystalline, from soybeans. Analysis: 40% campesterol, 60% 
B-sitosterol. 
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Tcible 2. Intake and nutrient composition of diets 
Diet 
Component Soy Beef 
Dry matter (DM), % 92.2 61.3 
Intake, g DM/kg x day 47 45 
Gross energy, kcal/kg DM 5151 5365 
Protein, % DM 21.4 21.3 
Fat, % DM 17.7 17.6 
Cholesterol, mg/g DM .76 .73 
P/S^ 3.50 .09 
^ Polyunsaturated fat to saturated fat ratio (w/w), 
based on fatty acid composition of soybean oil and beef 
tallow. 
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during transit (see Section IV). 
Nutrient composition of the two diets is shown in Table 
2. Weekly samples were collected and lyophilyzed, flushed 
with N2 and stored at -20 °C until assayed. Nutrient 
composition was measured as described in Section I. Diets 
were essentially isonitrogenous and isocaloric as fed to 
littermate pairs. Pigs were weighed weekly and feed intake 
adjusted, with the soy diet being fed at 4.7% of body weight 
on a dry matter (DM) basis to make up for the slightly less 
caloric density than beef diet, which was fed at 4.5% of 
body weight. 
Lipoproteins 
Prior to initial feeding of diets (week 0) and at week 
1, 3, and 5, blood samples were collected from the 
retroorbital sinus (Riley, 1960); at week 7 and at 
termination of the experiment (week 8), blood was collected 
by way of a catheter that had been placed surgically in the 
femoral vein at the beginning of week 6. Blood collection, 
plasma recovery, and analyses of lipoprotein fractions were 
as described in Section I. 
Additional blood was collected during week 6 for 
isolation of LDL from plasma by using preparative 
ultracentrifugation (Model L8-70, Beckman Instiruments, 
Fullerton, CA). By using the technique of Schwartz et al. 
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(1978), Tinesterified cholesterol pool of LDL was labeled 
with [1,2-(n)-3H]-cholesterol (44 Ci/mmol, Amersham, 
Arlington Heights, IL). 
Kinetic Experiment 
At the beginning of week 7, an oral dose of 75 yCi of 
[4-14C]-cholesterol (56 Ci/mmol, Amersham, Arlington 
Heights, IL) was dissolved in 1 ml of ethanol (95%).. added 
to 15 ml of soybean oil, and added to one-quarter of the 
morning feed. Immediately following consumption of the oral 
dose (approximately 20 min after presentation), an 
autologous dose of ^H-cholesterol LDL ranging from 35 to 70 
ViCi was injected into the pig. Injection was by way of a 
catheter that had been placed surgically in the femoral 
artery at the beginning of week 6. Upon injection of 
^H-cholesterol LDL, serial blood sampling began and 
continued for a total of seven days after injection. 
Specific radioactivities of ^H-cholesterol and 
i^C-cholesterol in plasma lipoproteins and tissues were 
determined by using standard dual-label liquid scintillation 
counting techniques (LS-8000, Beckman Instruments, Inc., 
Fullerton, CA). ^H-c^olesterol specific radioactivity was 
fitted to a one-pool model for disappearance by using the 
NLIN program of the Statistical Analysis System (SAS) to 
calculate the half-life of the curve component, peel size. 
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fractional catabolic rate, and irreversible loss for 
^H-cholesterol. 
Tissue Analyses 
Seven days after injection of the labeled LDL (week 8), 
pigs were killed with a saturated magnesium sulfate solution 
that was introduced into the blood by way of the femoral 
arterial catheter. After exsaguination,- tissues were 
collected, stored, and analyzed as described in Section I. 
Data were analyzed statistically by using analysis of 




All pigs readily consumed experimental diets and grew 
well throughout the experimental period. Average daily 
gains for pigs fed the beef diet were slightly greater than 
for pigs fed soy diet (.64 kg/d, .59 kg/d, respectively) 
although the difference was not statistically significant 
(P>.05). Body weights also were slightly greater (?>.05) in 
beef-fed than in soy-fed pigs (Figure 1) . All pigs received 
.5 ml gentamicin (Sobering Corp., Kenliworth, NJ) 
postsurgery 2x daily for 4 days as a preventive measure. 
Apparent digestibility of experimental diets is shown 
in Table 3. Fat digestibility was greater for soy diets 
than beef diets. Digestibility of protein, however, was 
less for soy diets than for beef. Dry matter and energy 
digestibility were similar for both diets. 
Plasma cholesterol concentrations are suimarized in 
Figure 2. Initial plasma cholesterol concentrations were 
similar in both groups of pigs. After 1 week of feeding 
experimental diets, however, beef-fed pigs had significantly 
greater plasma cholesterol concentrations than did soy-fed 
pigs; the difference continued until the end of the 
experiment, when cholesterol concentrations in LDL 
fraction are examined, a significant increase in 
LDL-cholesterol occurred and was maintained in pigs fed beef 
Figure 1. Mean body weights of pigs fed experimental 
diets. Pooled S EM is indicated by vertical 
bar on,x-axis at each sampling time. Each 
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Table 3. Apparent digestibility of dietary dry matter, fat, 
protein, and energy* 
Diet 
Item Soy Beef P value 
digestibility 
Dry matter 78.7+2.6 79.7+2.6 .79 
Fat 66.9+3.6 55.6+4.0 .001 
Protein 78.1+2.8 83.6+1.0 .001 
Energy 79.7 + 2.6 78.1 + 1.3 .26 
^Values are means + SEM for six determinations. 
Figure 2. Mean plasma cholesterol concentrations of 
pigs fed experimental diets. Pooled S EM is 
indicated by vertical bar on x-axis at 
each sampling time. * = Diet effect, P<.1, 
** = Diet effect, P<.05. Each dietary group 
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Figure 3. Mean LDL cholesterol concentration of pigs 
fed experimental diets. Pooled S EM is: 
indicated by vertical bar on x-axis at 
each sampling time. * = diet effect, P<.1; 
** = Diet effect, P<.05. Each dietary group 
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diets when compared with soy-fed pigs (Figure 3). 
Cholesterol concentrations in HDL were similar in beef- and 
soy-fed pigs throughout the experimental period (Figure 4). 
The exception was the'initial (week 0) value for 
HDL-cholesterol, which unexplainably was greater in pigs fed 
soy diets than in pigs fed beef diets. 
When ratios of HDL-cholesterol to LDL-cholesterol 
(HDL/LDL) are considered, there was a trend towards 
decreasing values with time fed experimental diets (Table 
4). Pigs fed beef diets had the greatest decrease in 
HDL/LDL, although much variability existed in both groups. 
A significant difference between dietary treatments was 
observed at week 5, when soy-fed pigs had the greater ratio. 
Table 5 summarizes data from tissue and carcass 
analyses. Dry matter did not significantly differ for 
either diet in tissues analyzed, although viserai DM of 
soy-fed pigs was slightly greater than that of beef-fed pigs 
(P=.06). Aortas from soy-fed pigs had slightly greater 
total lipid content than did aortas from beef-fed pigs 
(P=.07). Total 7 nids were unchanged by dietary treatment 
in other tissues examined. Cholesterol content of liver, 
skeletal muscle, aorta, and viscera were greater in pigs fed 
soy diets than in pigs fed beef diets (Table 5). 
Accumulation of oral and intravenous doses 
Figure 4. Mean HDL cholesterol concentration of 
pigs fed experimental diets. Pooled 
S EM is indicated by vertical bar on 
x-axis,at each sampling time. * = diet 
effect, P<.1; ** = Diet effect, P<.05. 
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Table 4. Effect of diet on ratio of HDL-cholesterol to 
LDL-cholesterol of young pigs fed soy or beef 
diets 1 
Diet 
Sampling period Soy Beef P value 
Week 0 .83 ± .07 .96 + .08 .27 
Week 1 .73 ± .07 .63 + .07 .39 
Week 3 .79 ± . 08 .72 .07 .25 
Week 5 .79 ± .08 .53 + .06 .01 
Week 7 .67 + .05 .50 + .07 .18 
Week 8 .69 + .08 .60 + .08 .13 
^Values are means ± SEM for four pigs. 
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Table 5. Effect of diet on dry matter, total lipids, and 
cholesterol content of tissues and carcasses of 
young pigs^ 
Diets 
Item Soy Beef P value 
Liver 
Dry matter (DM), % % 27.0 + .6 26.9 .5 .72 
Total lipids, % DM 11.8 + .4 12.1 + .3 .14 
Cholesterol, mg/g DM 6.1 ± .6 5.2 + .4 .04 
Skeletal muscle 
DM 25.2 + .1 24.8 + .4 .39 
Total lipids 6.0 + .3 5.3 + .4 .24 
Cholesterol 1.8 + .1 1.3 + .2 .05 
Heart 
DM 21.9 + .7 22.5 + .2 .50 
Total lipids 16.7 + 2 = 6 16.4 + 1.3 .87 
Cholesterol 2.6 + .2 2.4 + .1 .42 
'Values are means ± SEM for four pigs. 
2Units for dry matter,- total lipids, and cholesterol 
for all tissues are identical to those for liver. 
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Table 5. (Continued) 
Diet 
Item Soy Beef P value 
Brain and spinal cord 
DM 23.1 ± 5.6 23.6 ± .9 .55 
Total lipids 48.4 ± 1.5 50.5 ± 3.1 .54 
Cholesterol 91.S ± . 6 91.1 i 4.7 .91 
Aorta 
DM 32.0 + 2.1 30.8 ± 1.4 .71 
Total lipids 7.2 ± .9 4.9 i .9 .07 
Cholesterol 4.6 ± .6 2.0 ± .3 .03 
Viscera 
DM 26.1 ± .9 24.4 ± 1.5 .06 
Total lipids 34.0 ±1.1 34.6 ± 2.3 .SO 
Cholesterol 16.2 ± .3 9.2 ± .6 .01 
Carcass 
DM 43.6 ± 2.9 45.0 ± 1.1 .76 
Total lipids 41.9 + 1.6 44.4 ± 3.3 .58 
Cholesterol 3.4 ± .6 2.7 ± .3 .40 
Table 6. Accumulation of oral (^^C) and intravenous (®H) doses of cholesterol in 
tissues of young pigs fed soy and beef diets^ 
^ '*C-Cholesterol 3H-Cholesterol 
Tissue Soy Beef Soy Beef P value^ 
% Dose X 10~®/cj tissue^ 
Liver 7.4 ± 4.1 4.7 ± 2.0 11.1 ± 4.0 11. 1 ± 3.9 .17 
Heart 4.9 ± 1.4 3.8 ± 1.5 8.6 ± 1.3 9. 6 ± 2.8 .02 
S keletal muscle , -5 ± . 2 .3 ± . 1 .9 ± .2 
• 
8 ± .2 .04 
Aorta .5 ± .2 .3 + .1 1.8 ± .5 1. 5 i .7 .01 
Brain and spinal cord 3.7 + 1.5 2.4 ± .9 5.5 ± 1.3 7. 1 + 1.5 .03 
Perirenal adipose tissue 15.0 ± 4.1 11.4 ± 3.7 16.1 ± 3.9 20. 7 ± 7.5 .34 
Subcutaneous adipose tissue 14.5 ± 5.6 13.9 ± 5.4 17.5 ± 3.9 27. 4 ±16.6 .38 
Viscera 9.2 ± 3.8 6.3 ± 2.9 11.8 ± .8 14. 6 + 4.8 .14 
Carcass 3.7 ± 1.4 3.5 + 1.7 7.1 ± .9 9. 3 ± 2.4 .01 
^Values are means ± SEM for four pigs. Tissue samples were taken at day seven 
of the kinetic experiment. 
2p values were calculated from comparison of ^"'C dose and dose disregarding 
diet. No significant dietary effects were observed (P>.05). 
3 Percent dose for orally administered cholesterol was corrected for differences 
in absorption of oral dose between pigs. 
171 
of cholesterol in tissues of pigs at day 7 of the kinetic 
experiment is shown in Table 6. Data are expressed as 
percent dose per gram of wet tissue, corrected for 
differences in cQjsorption of the oral dose among pigs (see 
Section IV for absorption data). Differences in accumulated 
dose of 14c- and ^H-cholesterol were observed for heart, 
skeletal muscle, aorta, brain and spinal cord, and whole 
carcass, with greater ^H-cholesterol accumulation in tissues 
than 14c-cholesterol. Large amounts of variation existed 
between values for the remaining tissues, with none 
approaching significance (P>.1). Diet did not affect 
accumulation of oral and intravenous dose in tissues 
examined. 
Kinetic analyses of ^H-cholesterol in VLDL, LDL, and 
HDL were calculated by using a one-pool model. The initial 
points of the decay curves for all lipoproteins were 
considered to represent a mixing component and were not 
included in subsequent kinetic analyses. Half-life of the 
single component (in hours) was calculated on the basis of 
mass, not volume, of lipoprotein cholesterol. Size of the 
single pool is defined as the cimount of a specific 
metabolite distributed homogenously in a given physical 
environment (Gurpide et al., 1963) and, in this case, 
represented a fast-equilibrating compartment of lipoprotein 
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cholesterol. The slope of the line generated by curve 
analysis represents the raté constant (k) for irreversible 
removal of metabolite from the single pool. Fractional 
catabolic rate (FCR) is equivalent to the rate constant in a 
single pool model. From this, irreversible loss (IL) from 
the pool = FCR X pool size. 
Table 7 summarizes the in vivo kinetics of metabolism 
of lipoprotein cholesterol. For VLDL-cholesterol, FCR and 
IL are significantly greater in soy-fed pigs than in 
beef-fed pigs (P<.05). Half-life of VLDL-cholesterol, but 
not pool size, was significantly different for the dietary 
groups. No dietary effects were observed with kinetic 
parameters of LDL-choLesterol. Pigs fed soy diets had 
significantly faster half-lives for HDL-cholesterol (P<.i). 
Irreversible loss was greater in HDL-cholesterol of soy-fed 
pigs than in beef-fed aies cp<^08)  = 
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Table 7. In vivs kinetics of lipoprotein cholesterol in 
young pigs fed soy or beef diets^ 
Diet 
Parameters 2 Soy Beef P value 
VLDL-cholesterol 
(hr) .029 .003 .392 ± .037 .001 
Pool size (g) 5.43 + 1.23 2.74 + .77 .24 
FCR (hr-i) .254 + .033 .018 + .002 .005 
IL (mg/hr x kg BW) 29.55 + 7.65 1.04 + .438 .03 
LDL-cholesterol 
T % (hr) 26.17 + 4.75 38.40 ± 4.16 .14 
Pool size (g) 33.87 + 1.76 43.73 ± 4.52 .17 
FCR (hr-i) .011 + .001 .009 ± .001 .39 
IL (mg/hr X kg BW) 7.77 + 1.31 7.73 ± 1.18 .97 
KDL-choiesterol 
T % (hr) 12.18 + 1.48 20.62 + 4.76 .08 
Pool size (g) 46.48 + 6.35 28.29 + 3.73 .26 
FCR (hr-1) .016 + .002 .011 + .002 .02 
IL (mg/hr X kg BW) 20.30 + 5.67 5.62 + .58 .08 
lvalues are means + SEM for four pigs. 
^Abbr.: T% = half-life; FCR = fractional catabolic 
rats, which is equivalent to the slope (k) of the line 
generated by the one-pool model and to IL/pooi size; XL = 
irreversible loss, equivalent to k x pool size, corrected 
for body weight. 
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DISCUSSION 
Pigs readily consumed both diets and grew well 
throughout the experimental period while consuming diets 
containing nearly 20% fat. Soy diets were more digestible 
with regard to fat source but less digestible with regard to 
protein source when compared to beef diets (Table 3). 
Dietary fat absorption is dependent, in part, on the degree 
of unsaturation of its constituent fatty acids. &s the 
percent saturation increases, the coefficient of 
absorbability for dietary fat decreases (Mattson, 1959). 
The lesser digestibility of tallow diets, therefore, is not 
surprising. 
Increases in total plasma cholesterol concentrations are 
documented for a wide range of laboratory animals and humans 
(Glueck, 1979; Goodnight et al., 1982) as well as pigs 
(Reiser et al., 1959; Walsh et al., 1985a; Diersen-Schade et 
al., 1986) when diets containing saturated fats are 
consumed. Blood plasma of tallow-fed pigs in this study, 
however, was only mildly hypercholesterolemic when compared 
with results of Mahley et al. (1975) for miniature swine fed 
a diet containing 15% lard and 1.5% cholesterol. Dietary 
protein from an animal source has been shown to be more 
hypercholesterolemic than dietary protein from a vegetable 
source when fed to rats (Kritchevsky, 1976) , Although it is 
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impossible to disregard the potential effects of dietary 
protein on total plasma cholesterol in this study, earlier 
work has shown that dietary protein has little or no effect 
on plasma cholesterol concentrations of pigs (Section I; 
Walsh et al., 1985a; Ko, 1985). Thus, we attribute the 
changes in total plasma cholesterol concentration in this 
experiment to the type of dietary fat rather than type of 
dietary protein. 
A significant increase in LDL-cholesterol concentration 
occurred at week 5 in beef-fed pigs when compared with 
soy-fed pigs, but no significant change occurred in 
HDL-cholesterol. As a result, the HDL/LDL tended to 
decrease from week 0 to week 8 samples, with no significant 
differences between dietary treatments except at week 5 
(Table 4). This response suggests that soy and beef diets 
altered cholesterol distribution among lipoprotein classes, 
with increases in total plasma cholesterol concentrations 
reflected in increases in LDL-cholesterol but not in 
HDL-cholesterol. Mahley et al. (1975) described increases 
in lipoprotein cholesterol of different lipoprotein classes 
from pigs fed diets supplemented with lard and cholesterol. 
Walsh et al. (1983) produced hypercholesterolemic pigs that 
lacked the changes in distribution of cholesterol among 
lipoprotein classes. The degree of hypercholesterolemia in 
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the Walsh et al. (1983) study was much less than that 
achieved by Mahley et al. (1975); thus, the degree of 
hypercholesterolemia evidently can influence cholesterol 
distribution among lipoproteins. 
Dietary treatment did not alter DM or total lipid 
content of the tissues examined. Total lipid content of 
aorta tissue tended to be greater in soy-fed pigs than in 
beef-fed pigs, although the difference was not significant. 
Cholesterol content of liver, skeletal muscle, aorta and 
viscera, however, was significantly greater in soy-fed pigs 
than in beef-fed pigs. This suggests one effect of feeding 
polyunsaturated fats (soybean oil) may be a redistribution 
of cholesterol from the plasma to tissues as proposed by 
Grundy and Ahrens (1970) in humans. Accordingly, dietary 
polyunsaturated fats have been shown to increase tissue 
cholesterol content and decrease plasma cholesterol 
concentration in rats (Awad, 1981), rabbits (Richard et al., 
1352), squirrel monkeys (Lofland et al., 1970), and pigs 
(Forsythê et al., 1560; Walsh et al., 1985a,b; 
Diersen-Schade et al., 1986). 
Dietary polyunsaturated fats also may be redistributing 
cholesterol within the plasma so that LDL-cholesterol 
concentration is greater than HDL-cholesterol concentration. 
Our data support this redistribution and agree with data of 
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Walsh et al. (1983) in this respect. If redistribution of 
lipoprotein cholesterol occurs, more LDL-cholesterol would 
become available for delivery to tissues by LDL-receptor 
mechansims and by free-cholesterol exchange. 
Increases in cholesterol content of tissues of pigs fed 
soy diets may be a normal physiological response to maintain 
membrane integrity. Dietary polyunsaturated fats can 
increase the degree of unsaturation of body fat (Dryden et 
al.; 1973), which could alter cellular membrane fluidity. 
Cholesterol is needed in the cellular membrane to maintain 
proper fluidity. Increased deposition of cholesterol may 
occur in tissues as an attempt to compensate for increased 
membrane fluidity resulting from dietary polyunsaturated 
fats. Further research on fatty acid composition of lipids 
and cholesterol content of membranes is needed to explain 
the increased tissue cholesterol content of pigs fed soy 
diets. 
Accumulation of cholesterol in tissues from plasma 
lipoproteins can occur by receptor-dependent and 
receptor-independent mechanisms. Because cholesterol was 
the only component of lipoproteins labeled in this 
experiment, it is impossible to differentiate between 
accumulation of tissues cholesterol by the two mechanisms. 
At the same time that tissue uptake of cholesterol is 
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occurring, tissues excrete cholesterol into the plasma in 
equal amounts to that taken up. Therefore, accumulation of 
radioactive cholesterol in different tissues represents a 
net accumulation of radioactive cholesterol over a seven-day 
period by all mechanisms. Dietary treatment did not affect 
the accumulation of oral (l^C) or intravenous (^h) doses in 
tissues listed in Table 6. The mode of administration of 
cholesterol dose (oral vs. intravenous), however, did affect 
net accumulation in tissues. Heart, muscle, aorta, brain 
and spinal cord, and carcass accumulated more intravenous 
dose than oral dose. 
Differences in accumulation of cholesterol dose in 
tissues could be explained by examining the possible fates 
of each dose. Dietary dose of cholesterol and triglycerides 
are absorbed by intestinal mucosal cells and incorporated 
into chylomicrons. During chylomicron catabolism, core 
triglyceride is depleted by lipoprotein lipase, and, as the 
lipoprotein shrinks, excess surface material (containing 
free -'^C-cholestetol) is transferred to HDL (Brown et al., 
19S1). The remaining chylomicron remnant, containing 
14c-cholesteryl ester, is taken up by the liver; the 
cholesteryl ester is disposed of by way of the bile or 
released into circulation within other lipoproteins. The 
free cholesterol that is transferred to HDL particles from 
179 
the chylomicron may be esterified by LCAT or may remain as 
free cholesterol on the surface of the lipoprotein particle 
for exchange with other lipoproteins or tissues. 
Cholesteryl esters also may be transferred to other 
lipoproteins, especially LDL, in the presence of a plasma 
cholesteryl ester exchange protein (Brown et al., 1981). 
Thus, for the oral cholesterol dose, cholesteryl esters 
probably were the primary form available for transfer into 
tissues. Uptake of cholesterol in this form could be from 
uptake of entire LDL particles (receptor-mediated, 
fluid-phase pinocytosis; Fielding and Fielding, 1982) or 
from cell-surface exchange (Stender and Zilversmit, 1981). 
Intravenous cholesterol dose entered the system 
attached to a LDL particle and probably existed as free 
cholesterol on that LDL particle. Because surface 
cholesterol can exchange rapidly among plasma lipoproteins 
and with intact tissues (Aigueperse et al., 1983; Kovanen 
and Nikkila, 1976), entry of ^H-cholesterol into other 
lipoproteins and tissues occurs almost immediately upon 
introduction of the dose into the bloodstream. This 
exchange is a physical process not mediated by cellular 
enzymes and constitutes one mechanism whereby cholesterol 
can enter cells (Rothblat, 1969). Esterification of 
^H-cholesterol also can occur within the plasma by LCAT 
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activity and enter cells as part of the lipoprotein 
molecule. 
If the assumption is made that the doses of cholesterol 
follow the scenario described above, it is possible to 
visualize an early, rapid entry of ^H-cholesterol into cells 
by surface exchange with a later entry of ^H-cholesteryl 
esters and entry of the oral dose almost entirely as 
14c-cholesteryl esters. The delay in absorption of the oral 
dose coupled with the relatively longer time required for 
packaging into lipoproteins could explain the lesser amount 
of oral dose that accumulated in some tissues when compared 
with accumulated intravenous dose. In tissues where there 
were no differences (liver, adipose, and viscera), perhaps 
uptake of labeled lipoproteins was equal (liver) or not 
enough time was allowed for equilibrium to be reached with 
plasma (adipose, viscera). 
Kinetic parameters of lipoprotein cholesterol were 
calculated by using a one-pool model. Each curve of 
lipoprotein cholesterol specific radioactivity (as a percent 
of dose) vs. time was analyzed to determine the number of 
kinetically distinguishable compartments (pools). Because 
initial values represent a mixing component, and because the 
length of the sampling period was not sufficient to allow 
for calculation of a two-pool model, a single pool model was 
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chosen. 
As evidenced by examining the half-lives for VLDL-, 
LDL-, and HDL-cholesterol, injection of ^H-cholesterol 
equilibrated with LDL did not hinder analyses of individual 
lipoprotein kinetic parameters (Teible 7). Analysis of each 
lipoprotein class for radioactive cholesterol gave specific 
activity curves. This suggests that exchange of free 
cholesterol among lipoprotein classes essentially occurred 
instantaneously upon injection of ^H-cholesterol LDL. 
Exchange of free cholesterol has been demonstrated to occur 
among all lipoproteins, erythrocytes, and cellular membranes 
(Kovanen and Nikkila, 1975). The most rapid exchanges of 
free cholesterol occur among lipoproteins, with 
concentration-dependent half-lives of the order of minutes 
(Lippiello and Waite, 1983). Our data seem to support such 
a rapid exchange of free cholesterol among lipoproteins, as 
evidenced by rapid appearance of radioactive label in VLDL 
and HDL from LDL. 
The half-life of LDL-cholesterol was unaffected by diet 
in this experiment; however, a significant difference was 
observed in half-lives of both VLDL- and HDL-cholesterol. 
VLDL-Cholesterol and HDL-cholesterol disappeared more 
quickly from the blood of pigs fed soy diets than from the 
blood of pigs fed beef diets. Few data are available for 
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half-lives of cholesterol in VLDL or HDL. Our data for 
LDL-cholesterol half-lives agree well with those of Walsh et 
al. (1985a) and Ko (1985) when expressed on the same basis. 
Plasma free cholesterol, plasma esterified cholesterol, 
erythrocyte cholesterol, liver cholesterol, as well as some 
of the cholesterol in spleen, kidney, lung, and intestines, 
equilibrate rapidly with plasma cholesterol and probably 
comprise the pool of cholesterol measured in this 
experiment. The remainder of cholesterol in spleen, kidney, 
lung, and intestines together with most of the cholesterol 
in peripherial tissues, including skeletal muscle, 
equilibrates much more slowly and comprises a second pool 
not measured in this experiment. 
Production rate of cholesterol in a given pool 
represents the rate of entry of material into that pool. If 
the system is in steady state, then output from that pool 
must equal input. Thus, irreversible loss equals production 
rate in a steady state system. Irreversible loss 
(production rate) is equal to metabolic rate. This 
represents the rate of cholesterol degradation and excretion 
from the different lipoproteins in the whole body, i.e., 
turnover. 
Fractional catabolic rates were significantly different 
for VLDL- and HDL-cholesterol (P<.02) but not LDL-
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cholesterol (P=.39). Soy-fed pigs had greater FCR than did 
beef-fed pigs. This difference suggests that soy protein 
and fat in the diet mediates removal of cholesterol from 
plasma lipoproteins at a greater rate than ground beef and 
beef tallow. When considered with tissue cholesterol data, 
it is easy to postulate that soy diets are increasing 
deposition of cholesterol in tissues by removing lipoprotein 
cholesterol at a greater rate than when beef diets are fed. 
This possibility also is supported by significantly greater 
turnover rates (irreversible loss) of VLDL- and 
HDL-cholesterol in pigs fed soy diets. 
An increase in removal of VLDL and HDL in pigs fed soy 
diets may be related to the type of fat in the diet. Wilcox 
et al. (1975) have shown that VLDL secreted by liver after 
infusion of unsaturated fatty acids were larger and had less 
phospholipid and cholesterol relative to triglyceride than 
did VLDL produced after infusion of saturated fatty acids. 
The increase in triglyceride content relative to other 
constituents then may lead to alterations in the apoprotein 
composition of VLDL. Specifically, apoprotein E (apoE), a 
major constituent of HDL, has been demonstrated to be 
redistributed from HDL to VLDL in response to alimentary 
lipemia (Blum, 1982). Blum (1982) also demonstrated that 
apoE transfer to VLDL from HDL is reversed during lipclysis. 
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He further suggested that apoE "traffic" is modulating 
lipoprotein metabolism by directing VLDL uptake by tissues. 
Increased apoE content relative to other apoproteins of VLDL 
could allow for increased removal of VLDL by the 
receptor-mediated pathway. Bradley et al. (1984) have shown 
that apoE is the mediator in uptake of VLDL rich in 
triglyceride by the receptor-mediated pathway normally 
reserved for LDL. A switch occurs in the receptor such 
that, as VLDL are converted to LDL, the binding determinants 
are shifted from apoE to apoB (Bradley et al., 1986). This 
would allow for rapid removal of triglyceride-rich 
lipoproteins from circulation and subsequent catabolism, yet 
providing a mechanism for establishment of homeostasis of 
plasma lipid/cholesterol content. 
We propose that unsaturated dietary fat (soybean oil) 
has produced larger VLDL that are triglyceride-rich when 
compared with VLDL from pigs fed saturated fat (tallow) . 
Subsequent changes in VLDL apoE composition allowed for 
rapid removal of vLDL from the plasma and eventual transfer 
of apoE back to HDL, which also was catabolized. This 
hypothesis remains undocumented in terms of changes in 
plasma triglyceride concentration as well as changes in apcE 
content of different lipoprotein classes for our experiment. 
Such a mechanism, nevertheless, explains greater turnover 
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rate of VLDL- and HDL-cholesterol in soy-fed pigs. Removal 
of HDL from plasma at greater rates in soy-fed pigs than in 
beef-fed pigs may be a major factor in determining" total 
plasma cholesterol concentrations in both groups of pigs and 
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SECTION IV. EFFECT OF SOY OR BEEF DIETS ON CHOLESTEROL 
METABOLISM OF PIGS. 2. CHOLESTEROL 
ABSORPTION, TURNOVER, AND SYNTHESIS 
191 
ABSTRACT 
Two methods were used to measure dietary cholesterol 
absorption in pigs; an isotope ratio method (IRM) and a 
combined isotopic-chromatographic sterol balance method 
(combined method). In addition, plasma cholesterol turnover 
was measured from specific activity curves, as was 
fractional catabolic rate, pool size, and half-life of the 
component of a one-pool model for plasma cholesterol 
metabolism. An oral dose of ^^C-cholesterol and an 
intravenous dose of ^H-cholesterol was given simultaneously 
to pigs fed either a soy- or beef-based diet, and the decay 
curves were followed for a total of seven days. Fecal 
collections were made during the seven-day experimental 
period for measurement of cholesterol absorption by using 
the combined sterol balance method. Although the two 
methods did not agree well with regard to absolute values of 
cholesterol absorption (mean=18.8% for IRM and 65.7% for 
combined method), dietary treatment did not have a 
significant effect on cholesterol absorption. In vivo 
kinetics of metabolism of plasma cholesterol were similar 
with exception of half-life for plamsa cholesterol. Pigs 
fed soy diets had significantly shorter half-lives than did 
pigs fed beef diets. Fractional catabolic rates were not 
different, nor were pool size and turnover of plasma 
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cholesterol. When plasma cholesterol turnover rates are 
examined in addition to absorption data, we conclude that 
dietary unsaturated fats cause a redistribution of 
cholesterol within the rapidly equilibrating pool, without 
disturbing the overall metabolism of cholesterol. 
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INTRODUCTION 
Maintenance of total body cholesterol at relatively 
constant amounts depends upon counterbalancing mechanisms 
such as absorption, synthesis, and excretion. The rapidity 
and precision with which these mechanisms can compensate for 
changes in total body cholesterol content ultimately will 
determine cholesterol content in that system. Species of 
animals differ with regard to significance of individual 
mechanisms in maintaining body cholesterol content. In 
rats, cholesterol feeding changes plasma cholesterol 
concentration only slightly, but synthesis is inhibited 
(Turley and Dietschy, 1979) and excretion is enhanced 
(Wilson, 1964). In rabbits, however, large increases in 
plasma and tissue cholesterol content accompany cholesterol 
feeding before compensation occurs (Huff and Carroll, 1960). 
Previous studies with pigs involving cholesterol 
feeding in conjunction with high-fat diets have provided 
information about changes in total body cholesterol content. 
In pigs fed unsaturated fats, plasma cholesterol decreased 
and tissue cholesterol increased when compared with pigs fed 
saturated fats (Section I, Section III). Information is 
lacking, however, concerning mechanisms of action of dietary 
fat in changing cholesterol content of tissues and plasma. 
Possibilities include differences in cholesterol absorption, 
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synthesis, and excretion in pigs fed unsaturated or 
saturated fats. Corey et al. (1976) suggest another 
mechanism in which total body cholesterol turnover is not 
altered but, rather, a redistribution occurs between tissue 
pools as a result of ingesting unsaturated fats. 
Methods of measuring dietary cholesterol absorption by 
using an isotope ratio method (IKM) in rats (Zilversmit and 
Hughes, 1974), primates (Corey et al., 1976), and humans 
(Samuel et al., 1978) have been well documented and agree 
well with sterol and isotopic balance procedures. The IBM 
has not been validated in pigs. The experiment described in 
this paper was designed to validate measurement of dietary 
cholesterol absorption by using the IRM and to examine the 
relationship of cholesterol absorption and turnover in pigs 
fed diets containing either unsaturated or saturated fats 
and animal or vegetable proteins. 
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MATERIALS AND METHODS 
Animals and Diets 
Pigs and dietary treatments used in this experiment 
have been described in Section III. 
Preparation of Oral and Intravenous Doses 
Preparation of oral and intravenous doses of and 
^H-cholesterol were described in Section III. 
Administration of each dose and blood sampling protocol also 
were described in Section III. 
Plasma 
Concentration of plasma cholesterol was determined by 
using methods described in Section I. Radioactivity of ^h-
and 14c-cholesterol in plasma was determined by using 
standard dual-label scintillation counting methods (LS-8000, 
Beckman Instruments^ Inc., Fullerton, CA). 
Feces 
Fecal neutral steroids (FNS) were isolated from 24-hr 
collection made during the 7-day sampling period by using 
the method of Thomas et al. (1384) . Radioactivity in FNS 
was determined by using liquid scintillation counting 
methods. Dietary g-sitosterol was used as an internal 
standard to correct for losses of cholesterol during 
intestinal transit (Grundy et al., 1968). Chromic oxide was 
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employed as an internal standard to correct for fecal flow 
variation and stool recovery. 
Statistical Analyses 
Data were analyzed statistically for effect of diet by 
using analysis of variance of the Statistical Analysis 
System (SAS, 1982). 
Calculations 
Absorption of an oral dose of cholesterol was measured 
by two methods: plasma isotope ratio method and combined 
isotopic-chromatographic method. Plasma isotope ratio, as 
defined by Zilversmit and Hughes (1974), is 
/% of oral dose in aliquot of plasma (-^C) \ 
1 X 100 
\% of intravenous dose in same aliquot of plasma (^H)/ 
Data points for the two cholesterol decay curves, 
expressed as percent of dose per g of plasma cholesterol, 
were fitted to a curve. The ratio was measured after the 
two curves became parallel (day 2 or 3 after administration 
of doses), using values of specific radioactivity for days 
5, 6, and 7. 
The combined isotopic-chromatographic sterol balance 
method (combined method) used in this experiment was 
described by Gnindy and Ahrens (1969). The method allows 
for calculation of cholesterol absorption that isotopic or 
sterol balance methods alone can not provide, as seen when 
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each method is described separately. Isotopic balance 
method allows for calculation of cholesterol turnover and is 
based on the assumption that daily turnover of cholesterol 
is equal to the daily excretion of total endogenous 
steroids. Excretion of fecal neutral and acidic steroids of 
endogenous origins can be calculated from examination of 
plasma specific activity curves and fecal radioactivity 
following a single pulse injection of radioactive 
cholesterol (^h); 
Daily excretion of endogenous FNS (mg/d) = total 
radioactivity in FNS (corrected) (dpm/d)/specific 
activity of plasma cholesterol (dpm/d) 1-2 d 
previously. 
Daily excretion of endogenous fecal acidic steriods 
(mg/d) = total radioactivity in acidic steriods 
(corrected)(dpm/d)/spècific activity of plasma 
cholesterol 3-6 d previously. 
For analyses of FNS, corrections were made for 
variation in fecal flow and losses of sterol during 
intestinal transit. The choices of 1-2 and 3-6 days as days 
for specific activity of plasma in the above equation were 
made to account for the time lag in appearance of 
cholesterol from the plasma in steroids in feces (Grundy and 
Ahrens, 1969). Turnover, then, can be calculated as 
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Daily cholesterol turnover (mg/d) = daily 
endogenous FNS (mg/d) + daily endogenous fecal 
acidic steroids. 
This equation is valid only for diets containing cholesterol 
(Grundy and Ahrens, 1969). 
Fecal neutral steroids determined by the 
chromatographic method include endogenous plus unabsorbed 
dietary cholesterol. Estimates of cholesterol synthesis can 
be made by using the chromatographic method: 
Daily cholesterol synthesis (mg/d) = daily total 
fecal steroids (corrected)(mg/d) - daily 
cholesterol intake (mg/d). 
The combined method requires calculation of FNS of 
endogenous origin by isotopic balance and of total FNS by 
chromatographic method to give the following; 
Daily unabsorbed dietary cholesterol (mg/d) = daily 
total FNS (mg/d) - daily endogenous FNS (mg/d). 
Absorption of dietary cholesterol, then, is calculated 
as the difference between intake and amount of unabsorbed 
dietary cholesterol: 
Dietary cholesterol absorbed (mg/d) = daily 
cholesterol intake (mg/d) - daily unabsorbed 
dietary cholesterol (mg/d). 
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The combined method also can be used to calculate 
cholesterol turnover: 
Daily cholesterol turnover (mg/d) = daily FNS 
(isotopic)(mg/d) + fecal acidic steroids 
(chromatographic)(mg/d). 
If turnover of cholesterol is assumed to be equal to 
the sum of cholesterol excretion and synthesis and if 
excretion is equal to the amount of cholesterol absorbed, 
daily synthesis of cholesterol also may be calculated by the 
combined method: 
Daily cholesterol synthesis = daily cholesterol 
turnover (mg/d) - daily absorption of exogenous 
cholesterol (mg/day). 
Turnover of plasma cholesterol can be calculated by 
examining the radioactive decay curve for the intravenous 
cholesterol dose (Goodman and Noble, 1968). Data points for 
^H-cholesterol were fitted to a curve by using NLIN program 
of the Statistical Analysis System (SAS). See Section III 
for discussion concerning assumptions made for calculation 
of cholesterol turnover from plasma decay curves. 
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RESULTS 
Data were collected from all pigs administered oral 
(14cj and intravenous (^h) doses of cholesterol. Because 
analyses of fecal bile acids are not yet complete, 
calculations requiring values for fecal bile acids are not 
reported. 
Comparison of two methods for measuring dietary 
cholesterol absorption is shown in Table 1. Data for 
isotope ratio method (IRM) were calculated from days 5, 6, 
and 7 of the kinetic experiment for comparison with data 
from combined method at days 5, 6, and 7. The two methods 
did not agree well with respect to percent of dietary 
cholesterol absorbed. For the IRM, average percent 
absorption of dietary cholesterol was 18.2% and 19.4% for 
pigs fed soy and beef diets, respectively. When absorption 
of dietary cholesterol was calculated by using the combined 
method, average percent absorption was 64.9% and 66.5% for 
soy- and beef-fed pigs, respectively. Much variation 
existed in values of cholesterol absorption calculated by 
the IRM when compared with results from combined method. 
Combined method indicated a slight increase in cholestrol 
absorption at day 7 not seen with the IRM. For both 
methods, however, pigs fed beef diets had slightly greater 
values of cholesterol absorction than did nias fed sov 
Table 1. Comparison of two methods for measuring 
cholesterol absorption in young pigs^ 
Diet 
Soy 
Method 3 Day 5 Day 6 Day 7 
% absorption of dietary cholesterol 
Isotope ratio 19.5 ± 9.3 17.3 ± 5.7 17.8 ± 7.2 
Combined 62.8 ± 3.3 63.8 ±3.9 68.3 ± 4.1 
^Values are means ± SEM for four pigs. 
values were calculated from comparison of soy and 
beef diets, disregarding day. 
3Isotope ratio method for measuring absorption of 
dietary cholesterol was taken from Zilversmit and Hughes 
(1974), combined isotopic-chromatographic sterol balance 
method was taken from Grundy and Ahrens (1969). 
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Diet 
Beef P value ^ 
Method Day 5 Day 6 Day 7 
Isotope ratio 
Combined 
% absorption of dietary cholesterol 
17.8 i 9.9 20.1 i 13.3 20.4 ± 13.5 .85 
64.5 ± 8.8 63.8 ± 9.3 71.1 ± 5.3 .75 
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diets, the difference not being significant (P>.1). 
Turnover of cholesterol in pigs is shown in Table 2 
with other kinetic parameters of plasma cholesterol. 
Calculations of plasma cholesterol kinetic parameters are 
based on a one-pool model for cholesterol as described in 
Section III. Turnover can be assumed to be equal to 
irreverisible loss in a steady state system. Rates of 
turnover of plasma cholesterol were not significantly 
different in pigs fed soy or beef diets although 
pigs fed soy diets tended to have twice the plasma 
cholesterol turnover rates of pigs fed beef diets. 
Half-life of plasma cholesterol also was calculated and 
found to be significantly longer for pigs fed beef diets 
that soy-fed pigs (Table 2). Size of the single pool was 
not significantly different, nor was FCR for pigs fed either 
diet. 
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Table 2. In vivo kinetics of plasma cholesterol in young 
pigs fed soy or beef diets^ 
Parameters 2 Soy Beef P value 
Plasma cholesterol 
(hr) 35.37 + 4.97 57.16 3.81 .01 
Pool size (g) 118.27 + 24.00 100.98 + 37.10 .77 
FCR (h-i) .016 + .002 .012 + .001 .79 
IL (mg/hr x kg BW) 42.33 + 13.42 24.31 + 9.45 .31 
^Values are means ± SEM for four pigs. 
^Abbr.: T%= half-life; FCR = fractional catabolic 
rate, which is equivalent to the slope (k) of the line 
generated by the one-pool model and to IL/pool size; IL = 
irreversible loss, equivalent to k x pool size, corrected 
for body weight. 
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DISCUSSION 
An oral and intravenous dose of radioactive cholesterol 
was given to pigs for determination of dietary cholesterol 
absorption by using the isotope ratio method (lEM). The IRM 
was compared with the combined isotopic-chromatographic 
sterol balance method (combined), which utilizes both 
isotopic and chromatographic methods of analysis. 
Zilversmit and Hughes (1974) have demonstrated that the IRM 
is a valid method for measuring cholesterol absorption in 
the rat, and results of percent cholesterol absorption by 
using ISM and combined method were similar. Others have 
shown that the IBM is valid for measuring cholesterol 
absorption in primates (Kritchevsky et al., 1974) and in 
humans (Samuel et al., 1978; Samuel et al., 1982). 
Therefore, it seemed reasonable to attempt to validate the 
IRM in pigs. 
In the experiment described here, the IRM and combined 
method did not give similar results for percent dietary 
cholesterol absorption. Percent dietary cholesterol 
absorption as calculated by the IRM was approximately 
one-third that calculated by the combined method. The IRM 
requires simultaneous administration of 14c- and 
^H-cholesterol—one orally and the other intravenously. 
Decay curves for plasma specific activity of each dose can 
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be analyzed, and a ratio of normalized oral to intravenous 
dose calculated after the two curves become parallel. Three 
requirements are needed for the IRM: a) there can be no 
isotope effects, b) an isotopic steady state is attained, 
and c) the downward slopes of the decay curves must be 
strictly parallel before ratios can be calculated. 
Calculation of cholesterol absorption by the combined 
method requires administration of a single intravenous dose 
of radioactive cholesterol. Plasma specific radioactivity 
is measured and after chromatographic separation, 
radioactivity in FNS is measured. Calculations to obtain 
percent dietary cholesterol absorption can be made, as 
described earlier, after corrections are made for fecal flow 
and sterol losses. Use of the combined method to calculate 
cholesterol absorption also is based upon three 
requirements; a) there can be no isotope effects, b) a 
metabolic steady state is attained, and c) cholesterol and 
bile acids in the bile have attained specific activities 
equal to that of plasma cholesterol. 
The assumption that there can be no isotope effects in 
the body's handling of the two radioactive compounds is made 
based upon observations of Samuel et al. (1978), who found 
no evidence of isotopic effects in several experiments. 
Further evidence of no isotope effect is seen when the decay 
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curves for the oral and intravenous dose are examined. If 
the two doses were metabolized differently in the pig, the 
curves would not become parallel. 
The assumption of a metabolic steady state is somewhat 
more arbitrary. Grundy and Ahrens (1969) define a metabolic 
steady state as constant plasma cholesterol concentrations, 
unchanging fecal excretion of steroids, and constant body 
weights. Pigs in this study did not have significant 
changes in plasma cholesterol concentration during the week 
of blood sampling for calculation of isotope ratio (Section 
III, Figure 2). Body weights (Section III, Figure 1) and 
fecal steroid excretion also were not significantly altered 
during the week-long kinetic experiment. According to the 
definition given above, pigs in this experiment were in a 
metabolic steady state during measurment of cholesterol 
absorption. 
The requirement of strictly parallel downward slopes of 
the two decay curves may be a possible point of discrepancy 
in calculation of dietary cholesterol absorption by the IRM. 
Slopes were calculated from semilog plots of specific 
acitivity of ^h- and i^C-cholesterol in plasma, normalized 
for differences in dose between pigs (Figure 1). From these 
plots, parallelity of slopes was determined by using 
Student's t-test for each pair of slopes from each day. The 
Figure 1. Specific activity vs time curves of plasma 
cholesterol from 0 to 7 days after adminis­
tration of oral and intravenous (^H) 
dose of cholesterol to pigs fed experimental 
diets. Data points on the y-axis are from 
the sample taken 3 min after sampling began. 
Curves were visually fitted to data points. 
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downward slopes were found to become parallel after day 2 or 
3. Plasma isotope ratios were measured at days 5, 6, and 7 
in this study to avoid errors in slope calculation that may 
be present at earlier time points. Downward slopes of 
plasma cholesterol decay curves also have been found to 
become parallel at day 2 in rats (Zilversmit and Hughes, 
1974) and at day 3 in humans (Samuel et al.. 1978). 
Calculations of slopes in the latter two studies, however, 
involved curve-fitting by using a standard nonlinear 
least-square method, which eliminates errors introduced by 
visually fitting a line to data points. The possibility 
that the downward slopes are not strictly parallel in the 
present study can not be discounted until further curve 
analyses are conducted. It is doubtful, however, that 
errors in calculation of slopes are large enough to account 
for the large discrepancy between the iSM and combined 
method for measuring cholesterol absorption. 
Other possibilities for discrepancy between the two 
methods include the form of oral and intravenous doses as 
they were administered. The intravenous dose of 
^H-cholesterol in this experiment was prepared by 
exchange-labeling LDL-cholesterol with ^H-cholesterol. The 
intravenous dose was, therefore, in the form of free 
cholesterol on an LDL= In experiments with both humans and 
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rats, the intravenous dose of cholesterol consisted of 
colloidal cholesterol, prepared by suspending radioactive 
cholesterol in .9% saline (Samuel et al., 1978; Zilversmit 
and Hughes, 1974). The oral dose of l^C-cholesterol in this 
experiment was dissolved in ethanol, then soybean oil, and 
added to the morning feed. In experiments with rats, oral 
doses were given by way of a stomach tube (Zilversmit and 
Hughes, 1974) ; with humans, the oral dose in ethanol was 
added to liquid formula or whole milk and consumed (Samuel 
et al., 1978). 
Zilversmit and Hughes (1974) have addressed the problem 
of form of the dose administered in studying cholesterol 
absorption by giving an intravenous dose of colloidal 
cholesterol and labeled chylomicron cholesterol to rats. 
Their results indicated that disappearance curves for both 
forms of labeled cholesterol coincided; thus, no difference 
occurred in the form of dose of intravenous cholesterol 
administered in terms of curve analysis. 
Greater differences exist in the method of 
administering the oral dose of cholesterol than in 
intravenous doses. In the present experiment, oral doses 
were given mixed with solid food. Although care was taken 
to ensure complete consumption of all food, it is possible 
that this did not happen. If only one-half of the oral dose 
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given was consumed, however, the differences observed in 
plasma specific acitvities between pigs for the oral dose 
are not completely accounted for. It is doubtful that 
differences in method of administration of oral dose can 
explain the discrepancy between the IRM and combined method 
of measuring cholesterol cibsorption. 
The combined method is based on the assumption that 
cholesterol and bile acid radioactivity in the bile have 
reached equilibrium with plasma cholesterol radioactivity. 
This has been shown to be true for humans by Lindstedt and 
Ahrens (1961). However, after intestinal contents have 
passed completely through the intestinal tract, a finite 
time will have elasped, and the specific activity of FNS of 
endogenous origin will be higher than that at the time feces 
are collected. The time lag, then, between plasma 
cholesterol specific activity and FNS specific activity must 
be accounted for in making calculations. Actual measurement 
of transit time by using markers allow for more accurate 
calculation of fecal steroid mass. The use of plasma 
specific activity 1 to 2 days prior to the stool collection 
was found to be an accurate estimate of transit time. 
Adjustments were made in individual calculations of 
cholesterol absorption by the combined method for 
differences in transit time between pigs. 
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Chromatographic methods used in the combined method 
have been established as valid methods by Thomas et al. 
(1984). The chromatographic method allows for direct 
quantitative analysis of FNS and allows for correction of 
neutral sterol losses during transit. When data from 
isotopic balance are added to chromatographic data, 
absorption of cholesterol can be calculated. 
Possible errors in calculation of cholesterol 
absorption may be in the correction of sterol loss during 
transit. Marsh et al. (1972) tested the validity of using 
g-sitosterol as a marker for sterol losses during transit. 
Their results suggest that B-sitosterol is degraded in 
significant amounts in pig intestines so as not to give 
accurate correction factors for sterol loss during transit. 
An error of this nature would result in less recovery of 
fecal sitosterol and ultimately result in an underestimate 
of cholesterol absorption. Other researchers have shown 
that plant sterol added to diets can effectively reduce 
cholesterol absorption (Mattson et al., 1977). Amounts of 
plant sterol required to decrease cholesterol absorption 
were much greater than added to diets in this study. 
Values of cholesterol absorption obtained in this study 
by using the combined method are greater than those reported 
for humans (23%,- Grundy et al., 1959; 42%, Samuel et al.,. 
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1978) and pigs (25%, Marsh et al., 1972) as measured by a 
variety of methods. In studies with rats, however, values 
for cholesterol absorption span an enormous range, from 7.5% 
(Wells et al., 1960) to 97% as reported by Lutton and 
Chevallier (1972). Most studies gave values that are 
intermediate to the two extremes: 50% (Bloomfield, 1965) , 
and 40 to 45% (Sylven and Borgstrom, 1969). Our data from 
the combined method do not seem to be underestimating 
cholesterol absorption when compared with results of others. 
Cholesterol absorption as measured by using the lEM, 
however, agree well with data of Marsh et al. (1972) for 
pigs and of Grundy et al. (1969) for humans. It is not 
possible to determine from present experiments which method 
of measuring cholesterol absorption in pigs accurately 
reflects physiological reality. 
It is possible that the IRM is not a valid method for 
measuring cholesterol absorption in pigs. Although the 
method has been validated in rats, primates, and humans as 
discussed earlier, the IBM is not valid for measuring 
cholesterol absorption in rabbits (Samuel et al., 1978). 
The reasons for lack of validity of the IBM in both rabbits 
and pigs are not clear at the present. Further examination 
of the IRM in pigs is needed, however, before discounting 
the validity of the method as a way of measuring cholesterol 
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absorption in pigs. 
Regardless of which method provides valid measures of 
cholesterol absorption, there was no significant dietary 
effect on absorption of cholesterol in our study. Feeding 
cholesterol in conjuction with a fat-free diet significantly 
reduces the amount of cholesterol absorbed from the diet 
(Quintao et al., 1971). Conversely, Marsh et al. (1972) 
have demonstrated that feeding cholesterol in conjuction 
with a high-fat diet significantly increases cholesterol 
absorption. Soy and beef diets contained similar amounts of 
cholesterol and fat in this study. Thus, it is not 
surprising that similar amounts of cholesterol were absorbed 
in the two groups of pigs. Type of dietary fat and protein, 
then, had no effect on the amount of cholesterol absorbed, 
even when the lesser digestibility of tallow as compared 
with soybean oil is considered (Section TTT. Table 3). 
Turnover of plasma cholesterol was calculated from the 
radioactive decay curve for intravenous dose of cholesterol, 
based on a one-pool model for cholesterol metabolism as 
described in Section III. Diet had a significant effect on 
half-lives, with pigs fed beef diets having significantly 
longer component half-lives than pigs fed soy diets. Other 
kinetic parameters (pool size, FOR, and turnover) were not 
affected significantly by diet. Others have found similar 
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results upon feeding saturated and unsaturated fats. Corey 
et al. (1976) report slightly greater turnover of 
cholesterol in monkeys fed safflower oil compared with those 
fed coconut oil, although the differences were not 
signifcant. These results also agree with sterol balance 
data in humans, which indicated that type of dietary fat did 
not alter production or excretion rates of cholesterol 
(turnover)(Grundy and Ahrens, 1970). 
Cholesterol turnover is the net result of all processes 
determining cholesterol entry and exit from the body. In a 
steady state, then, turnover represents both a measure of 
rate of entry and removal of cholesterol from the system. 
Entry of cholesterol into the model includes endogenously 
derived cholesterol (synthesis) and that absorbed from the 
diet. Because turnover of cholesterol in pigs fed soy and 
beef diets was similar, and because absorption of dietary 
cholesterol also was similar, by definition of steady state 
cholesterol turnover, synthesis of cholesterol in pigs fed 
soy or beef diets also must be similar. Cholesterol 
excretion in the steady state must equal entry rates? 
therefore, pigs fed soy or beef diets probably had similar 
rates of cholesterol excretion. If these assumptions are 
made, one may conclude that dietary unsaturated fat is 
associated with decreased plasma cholesterol concentrations 
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in such a manner so as to redistribute cholesterol entirely 
within the rapidly equilibrating pool as described by our 
model. This hypothesis is supported by data of lipoprotein 
cholesterol kinetic parameters discussed in Section III and 
by Corey et al. (1976). Data from lipoprotein cholesterol 
kinetic studies suggest that changes in cholesterol turnover 
occur within specific subcompartments of the pool, 
specifically VLDL and HDL fractions. Undoubtedly, tissue 
cholesterol pools also are involved, as evidenced by 
increased deposition of cholesterol in certain tissues 
(Section III, Table 5). Redistribution of cholesterol 
within the pool would not be accompanied by perturbation of 
overall metabolism of cholesterol, as supported by data from 
this experiment and others (Corey et al., 1976; Grundy and 
Ahrens, 1970). 
In summary, two methods were employed to measure 
dietary cholesterol absorption, an isotope ratio method and 
a combined isotopic-chromatographic sterol balance method. 
Although the two methods did not agree well with regard to 
absolute values for cholesterol absorption, dietary 
treatment did not have a significant effect on cholesterol 
absorption as measured by eitiier method. When plasma 
cholesterol turnover rates are examined in addition to 
absorption data,- we conclude that dietary unsaturated fats 
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cause a redistribution of cholesterol within a rapidly 
equilibrating pool, without disturbing the overall 
metabolism of cholesterol. This conclusion is supported by 
data reported previously for lipoprotein cholesterol 
metabolism (Section III). More data are needed concerning 
the rates of cholesterol synthesis and excretion, however, 
to further substantiate this hypothesis. 
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GENERAL SUMMARY AND CONCLUSIONS 
Experiments described in this dissertation were 
designed to examine the effects of type of dietary fat and 
protein on several major processes involved in cholesterol 
and triglyceride metabolism of pigs. The isocaloric, 
isonitrogenous diets contained either ground beef or soy 
protein isolate as the primary dietary source of protein, 
and soybean oil or beef tallow as the primary dietary source 
of fat. Diets contained approximately 40% of calories from 
fat and .09% cholesterol as fed. Two separate feeding 
trials were conducted. The first trial was a 2 x 2 
factorial design in which pigs were fed diets for an 
eight-week period. The second trial was a randomized block 
design in which soy or beef diets were fed to pigs for eight 
weeks. Pigs were pair-fed diets at approximately 45 g DM 
per kg BW daily in both trials. 
Pigs in both trials grew equally well on all diets, 
although beef-fed pigs tended to be heavier. Body 
composition was similar between dietary groups in both 
trials. Dietary protein had no effect on any parameter 
measured. Dietary unsaturated fats had a greater apparent 
absorption than saturated fats in both trials. Apparent 
absorption of dietary protein was not different in trial l, 
but in trial 2,- diets containing scy protein had lesser 
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apparent absorption than those with beef protein. This is 
possibly related to differences in DM between the two diets. 
Because body composition was not changed, however, effects 
of differences in apparent absorption appear to be 
negligible in this study. 
Rates of lipogenesis in adipose tissue (determined by 
using tissue-slice incubations) were greater in subcutaneous 
and perirenal adipose tissues of pigs fed tallow than in 
pigs fed soybean oil. Tallow-fed pigs also had greater 
numbers of very small and very large adipocytes than pigs 
fed soybean oil. This suggests that tallow-fed pigs have 
significant numbers of very large adipocytes that are full 
of lipid and, at the same time, have recruited new, smaller 
adipocytes for storing even more lipid. 
Pigs fed saturated fats had greater plasma cholesterol 
concentrations in both trials. In the first trial,, pigs fed 
tallow had greater LDL- and HDL-cholesterol than pigs fed 
soybean oil; in the second trial, the increase was observed 
only in LDL-cholesterol, Tissue cholesterol concentration 
was increased in pigs fed soybean oil in both trials, which 
is possibly an attempt to maintain cell-membrane integrity 
as amount of unsaturated fats increased in the constituent 
membrane lipids or as a result of redistribution of 
cholesterol from tJlasma to tissue aools. 
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Kinetic analysis of plasma and lipoprotein cholesterol 
in trial 2 revealed that pigs fed soy diets had greater 
rates of VLDL- and HDL-cholesterol, but not total plasma 
cholesterol, turnover than did pigs fed beef diets. 
Absorption of dietary cholesterol was not significantly 
different in pigs fed beef or soy diets. 
A mechanism for the observed hypocholesterolemic effect 
of dietary unsaturated fats can be postulated when 
absorption of dietazry cholesterol is considered with 
turnover, plasma and tissue cholesterol concentrations, and 
lipoprotein cholesterol concentration. Dietary unsaturated 
fats are responsible for a redistribution of cholesterol 
from the plasma to tissues in such a way that changes occur 
in subcompartments of plasma cholesterol without perturbing 
total plasma cholesterol kinetics (turnover). This is 
evidenced in soy-fed pigs by a) decreased total plasma 
cholesterol, b) increased tissue cholesterol concentration, 
c) increased turnover of VLDL- and HDL-, but not 
LDL-cholesterol, and d) no changes in turnover of total 
plasma cholesterol. It seems, then, that degree of 
saturation of dietary fat is of major importance in 
determining cholesterol and lipid balance in pigs, and that 
dietary protein plays a very minor role. 
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